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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

TECENICAL NOTE NO, 611
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THE SONIC ALTIMETER FOR AIRCRAFT

By C. S. Draper

PART I
HISTORY AND PRESENT STATUS OF THE SONIC ALTIMETER
With
AN OUTLIKE FOR A SUGGESTED PROJECT TO DETERMINE THE
VALUZ OF TEE SONIC ALTIMETER UNDER

MODERN FLIGHT CONDITIONS

ABSTRACT

The general object of thisg report is to discuss the
results 2lready achieved with sonic altimeters in- the
light of the theoretical possibilities of such instru-~
mentse From the information gained in this investigation,
a procedure is outlined to determine whether or not a fur-~
ther development program is justified by the value of the
sonlc glitimebter as an ailreraft instrument.

The information availsble in the literature is re~
viewed and condcensed into a summary of sonlec altimeter do-
velopments which is prescnted as the last page of this
report. Thc instruments of Behm, Rico, Florisson, Dubois
and Laboureur, FNandillon, Jacquet and Badin, Delsasso, and
the Electiroocustic Co. arc doscribed both in principle a’Ed
mechanical detail., The general requiroments for the source
of sound and the receiving systom of a sonic aliimeter are
outlineds Evolution of the sound source is traced from the
Pistol sender of Behm to the mechanically excited diaphragnm
of Delsasso, the electrically driven diaphragms of Nandillon
and Jacquet-Badin, the air-blown whistles of Rice and Flor-
isson and finally, the air-operated sirens of Dubols-
Laboureur and tho Eloctroacustic Co., Various nothods of
receiving the ocho and timing the intorval between the
signal and the ocho ard¢ considered, starting with auditory
reception and visual obsorvation of a rotating hand as
used in tho first instruments and ending with the complete-
ly auvtomatic electrical micropaonoc~chronoscope systons. '
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The operating ranges and weights of the sonic altinm-
eters are noted and a "figure of merit" is derived for
each instrument based on the ratio of maximum useful al-
titude undor airplane crulsing conditions to the installa-
tion woight.

A theoretical discussion is given of sonle altimeter
orrors due to uncertsinties in timing, variations 1n sound
velocity, aircraft speed, location of the sending and re-
celving units and inclinations of the flight path with
rospoct to the ground surface. Plots are included which
sunmarizo tho results in each case. An analysis is given
of the effoct of an inclined flight path on the fregquency
of tho ocho.

A brief study of the acoustical phases of the sonic
altimeter problom is carried through. The results of this
anelysig aroc used to predict approximately tho maximum
operating altitudes of & reasonably designed sonic altim-
etor under very good and very bad conditions. A table ig
given of these limiting altitudes fovr varlious amounts of
sound power in the signal, Losses due to high sound in-
tensitlies, absorption in the atmosphere, turbulence ef-
fects and reflection at the ground are discussed. The
physical limitations of the sound source with regard to
output, directivity and pulse length are considered. It
1s shown that-no limitation is placed on the performance
of a modern sonic altimeter by either the chronoscope or
the receiving microphone. ZRuggedness, freedom from vi~
bration, and selectivity effects are the important prop-
erties of the receiver rather than high sengitivity. In
general, the desglign factors limiting the maximum operating
altitude of a sonic altimeter are: 1) the residual sound
inteonegity dus to the aircraft which is not eliminated by
the filter system of the receiver, and 2) the sound power
output of the source which is effectively directed toward
the receiver along the echo paths. The necessity for di-
rective horng in both the sending and receiving systems
ig discussed with special reference to future possibili-
ties. Some propertios of filters are considered and the
possibility of gsing combinations of acoustical, mechani-
cal, and electrical units ig noted.

A final comparison is made between the estimated and
experimental naxinum operating altitudes which shows a
good agreement where quantitative information is availa-
ble. It is noted that the best possibility for improving
sonic altimeter performance ig to reduce the absolute
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value of the echo intensity reguired to operate the re-
celver. It is shown that this can probably be accon-
plished by a survey of the aircraft noise which exists in
particular cases and the design of properly selective
filter systens.

ACKNOVWLEDGMENT

The writor wishes to acknowledge the assistance re-
ceived fron Dr. R. E. Boden and Kr. George Van Schliestet?
in the genoral preparation of this report. Mr, Vincent
Salnon, Professor W. T. Hall, and Dr, John Trimmer have
helped by collecting and examining the references uged for
discussion of the acoustical aspects of the sonic altim-
eter problom. . . :

INTRODUCTION

Aircraft nmust fly noar the ground for a considerable
period in connection with each take-off and landing. For
gsafety in thiege operations the pilot must have an accurate
and continuous knowledge of his altitude above fthe ground
levels., Under ordinary conditions, visual judgments of dis-—
tance by a skilled operastor sutomatically take care of this
problem. However, vhen visgual observations are impossible
due to darkness, fog, or a heavy storm, some instrument for
measuring height above the ground is necessarys Barometric
altimeters can be used for this purpose only if the exist-
ing barometric pressure and the local elevation of the
ground above sea level are known. The ordinary barometric
sltimeter whose hand makes one revolution for 10,000 feet
altitude is not sufficienfly sensitive for safe landing op=
erations under any circumstances. This state of affairs
has produced many devices designed to moasurc absolute alti-
tude without an external visual referoncoy General discus—
sions of the problom have been given by Lubcko (references
3 and 4), Ldzlise (reforence 11), FPlorisson (reforonce 16),
Ricc (roferencc 13), and Dubois and Labourbur (refercnce
19). The idons proposcd gonerally depond upon the reoflec—
tion of oither eclectromsgnotic or sound waves from tho
ground surface. A number of investigators have been able
to produce working instruments using sound waves but there
is no record of similar successes with any other schomo.
The sonic albtimeter has threoc essential parts: (1) an
omitbor which sonds out a brief sound signal at controlled
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intervals; (2) a receiver which detects the echo of the
signal when it returns from the earth; and (3) a chrono-
scope which meagures the time interval between signel and
echo. Since the velocity of sound in air is substantially
constant, the chronoscope is ordinarily calibreted direct~
ly in altitude for some average set of conditions,

Sonic altimeter experiments were started in Germany
before 1925 by Alexander Behm (references 6 and 7). Rice
in the United States (reference 14) and Florisson in France
(reference 16) had also attacked the problem before 1930.
In cach case promiging results were achieved and an instru~
ment suitable for service tests was produced.

Interest in sonic altimeters slackened considorably
when the sonsitive altimeter manufactured by the Kollsman
Instrument Company (reference 10) came into general use
soon after 1930, This insgtrument uses the barometric prin-
ciple and has sufficient precision for dlind landings if
the barometric pressure at the ground is accurately known.
Radio communication insures that all the regquired lnforma-
tion is ot the pilot's dieposal so long as he operates fron
properly equipped airports. Howeveor, the radlio and sensi-
tive altimeter combination does not take care of a pilot
who must "pugsh down through' heavy clouds in search of a
low ceoiling without an exact knowledge of his position.
There arc also instances when radio communication falls or
it is desirable to fly by "contact" under a very low cell-
ing. With such conditions, irregular hills combined with
fog which actually reaches the ground in some places are
very dangerous. Even with good visgibility smooth water
surfaces often make accurate judgments of height difficult
at low altitudes. In all these cases an instrument to in-
dicate actunal height above the ground for altitudes less
than 1,000 feet would be useful. It is certain that a
sonic eltimeter with units already developed can be made
to meet this requirement. In the present state of the
art, the equipment would be relatively heavy and cumber—
somc. A satisfactory instellption could be made to fift
easily into a modern transport plane with a total weight
under 75 pounds. Since this weight represents fuel for
less than 15 minutes flying in a large airplane, the value
of thig much flying time must be balanced against the ad-
vantage of an indicator gilving actual altltude above the
ground. The instrument would not only serve as insurancs
in extraordinary situations, but would almost certainly
bo used by pilots to improve tho precision of landing and
tako=off operations. Finally, there is the possibility of
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uwsing the sonic altimeter as an nuxiliary control for
blind londings to establish automatically the proper rela-
tion between the attitude of an airplane and its height
above the ground.

Obviously, the fate of the sonie altimeter must de~
pend uvon results from extended tests under service condi-
tlonss Before such a project is undertaken, the previous
worlk on sonic altimeters should be studied to ingure that
the best type of equipment is used for the tests. The
present report presents such an examination of the material
already available on sonic altimetors with spescial refer-
ence to the results obtalnable from commercial instruments.
These results are comparcd with performance limits esti-
mated from a study of the physical principles involved.
Bocommendations for a program of sonlic altimeter research
are based on the conclusions drawn from this investigation.

GENERAL REQUIREMENTS

Figure 1 shows the essential goometrical features of
the sonic altimeter problem, An emitter S sends out a
sound signal which strikes the ground and is picked wup
by a regeiver at R. The apparatus is completed by a
chronoscope for measuring the time interval between the
signal and the echo which is a function of the airplane
speed, the speed of sound and the altitude. Individual
instruments differ only in the means used for carrying out
these three functions. Fortunately the speed of sound is
almost constant and the airplane speed has a small effect
under ordinary conditions, so the echo time is almost pro-
portional to altitude. The errors due to various geomeb-
ricel factors are considered in a later section,

The practical requirements for sonlic determinstions
of zltitude arse:

1. The source of sound must be powerful enough
to produce an echo at the airplane which is
more intense than the aircraft noise in the
same frequency range. Thig condition is
difficult to fulfill at high altitude due to
absorption, reflection and spreading losses
over the echo path.
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2« The receiving system must be sufficlently
gsonsitive and gelective to detect the echo
in the presocnce of high intonsity noilso from
the airecraft and give a positive indicatlon
on the chronoscope.

3+ The sound source must be such that the start
of tho timo intorval betwoen the signal and
the echo is sharply dofiaed.

4, Thec chronoscopo for moasuring this ocho time
nust bo capabloc of accurately moasuring time
intervals required by the opcrating rangoc of
the altimeter, A4n altitude of onc foot cor-
responds to about 1/600 of a seocond and 1,200
feot to about 2 seconds.

In genoral, the lower limit of the operating range
is determined by the ability of the apparatus to produce
and measure sharply defined short echo times while the
upper linit depends upon the power of the source to pro-
duce usable echos at the airplane. A study of each phase
of the general sounding process is given in a later sec—
tlon,

DEVELOPMENT OF THE SONIC ALTIMETER

After the TITANIC disaster in 1912, due to collision
with an iceberg, several investigators started research on
the use of sound waves for the location of objects undor
bad visibility conditions. This work soon produced the
marine dopth finder as a byproduct. Alexander Behm (ref-
orences 1, 2, 3, 4, 5) of Gormany doveloped his ECHOLOT
which latcr becamoc known as the BEHMLOT, In the United
Statos, Re A. Fosgonden of tho Submarinc Signal Company
(roferonces 1, 2, 3, 4) worked out tho FATHOMETER. GC.
Florigson (roforonces 11, 16, 17) of FPrancc also mado con-
tributions to the problem, especially in thc use of supor-
sonic froquoncios. Thae later ari of sonic altimetry owes
a dofinitec debt to each of these marine developments.

Bohm (reoforences 5, 6, 7, 8, 9, 10, 11, 12) adaptod
his marino ECHOLOT to aorial soundings from airships. His
exporimonts in 1925 on the Zoppolin Z.R. III arc roportod
as successful up to 200 meters altitude. Working with the
Deutschen Versuchsanstalt fur Luftfahrt in the same year,
Bohnm applied his ingtrunent to an airplane. Figure 2

%,

L i



{~

N.A.C.A, Technical Note No. 611 7

shows. the essentlal parts of this apparatus. 4 pistol
firing blank cartridges served as the source of sound,
while echos were recceived by carbon powder nicrophones
and carried to earphones. Altitudes were estimated by an
observer wearing the earphones and noting the positions of
a moving hand on a scale when the. signal and its echo oc=~
curred. This so-called method of visual-acoustic' coinci-
dence reoquired close attention by the observer and gave
insccurate results at .low altitudes. An adaption of the
optical chronoscope used in the marine ECHOLOT improved
this situation by making the observation of altitude an
entirely visual process of good precision. Details of the
Behn apparatus are discussed in Appendix A. ' o
An expoerimental airplane study of the BEEMLOT by
Schreiber (referonce 9) carriod out in 1930 showed a mean
orror of *3.5 meters in altitude readings up to a maxinum
of 100 mcters. Bohm's work brought out cloarly the diffi-
culty of detecting the signal echo in the presenco of in-
tense "parasite" flight noises from the airplane and its
power plant. No attempt was made to increase the ratio of
ccho intengity to parasite noisec intensity by the use 6F
elthor acoustic or oloctrical filtors. In the carlier
formsg, the BEEMLOT required manual operation of thé sound
source. Evon aftcr this handicap was overcome by using
an autonatic pistol, the difficulty of carrying a 1argc
supply of ammunition remained.

Rice (references 4, 10, 11, 13, 14, 15) and Florisson
(references 4, 11, 16, 17 18) worked on the somic albime
ceter problen independently during the ysars 1929~1932 and
produced sinilar ingtruments with approxinately the same
porfornance. In addition %o his contributions to the gen-
eral schene, Rlice made especially valuable studies of
sound sources for the sonic altimeter. Tho results of
this <rork led to the adoption of a whistle blown by con-
pvresscd gas for hig instrument. Florisson was particu-
larly intorcsted in acoustic disturbences due to the air
strean flowing across oponings in enitters and recelivers.
He found thot theose difficulties could be eliminated by
nounting the acoustic units with thoir openings fluegh in
the sgurfacc and using a thin sound permeablo covering to
preserve the acrodynanic forn. B

The instrunonts of Rice and Plorisson differed fron
those of Behm in the use of a pure tone signal, With the
sound cncrgy concentrated in o single selected frequency
instead of a wide band as in the case of a shot, it becans
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possible to use resonance effects in the recelver for in-
creasing sensitivity and reducing interference from alr-~
plane noises. The actual sensitive element for reception
of the echo was the human ear. Altitudes were estinated
by an observer listening for the echo and watching the
moving hand of.a chronoscops.

Figure 3. shows the essentizl elements of the Florisson
system. Compressed eir is supplied to a chamber C and
escapes through.the whistle S when an electrically con-
trolled valve i1s opened. This whistle is mounted at the
focus of a reflector set flush with the surface of the alir-
plane and covered with gound permeable material. The echo
is receclved by a reflector r with an open tube placed at
the focug, This sound tube is connected to earpieces worn
by the observer. 4n acoustic filtosr F 1is placed in the
sound tube T in addition to the electrically operated
valve for closing the line during the signal. Tliming con-
trol ig taken from a constant-speed motor with its arma-
ture shaft placed along the axis A-A. A4 pointer I is
attached to the shaft and moves over a scale graduated in
altitude. A cam 4 with an indentation 3 1is also car-
ried by the motor shaft. The cam follower 2 is so placed
that tho contacts 1 are closed for a short time interval
ag the pointer passes through zero of the scale. When the
control circuit has been closed by a manually operated
gwitch, each passage of the pointer through zero will be
accompanied by a blast of the whistle and a short blocking
of the sound tube by the control valve to reduce the in-
tensgity of the direct signal. Florisson introduced an
auxiliary pointer 1, adjustable by the observer, to serve
as » reference in fixing the pointoer position at the time
of~the echos. & second dial and pointer 1! are shown by
figure 3 to show the possibility of multiple indicating
unite.

Florisson also suggested two other systems for time
measurements which are described in Appendix A. One sys-~
tem reduces the time measurement problem to a judgment of
the coincidence of %two sounds vhile the other uses an op-
tical system and an oscillograph to produce entirely visu-
al indications. However, the system actually reduced to
commorcial practice by Florisgon (reference 17), used the
arrangement described in figure 3. This instrument is
available from the Société de Condensation et d'Applice—
tions Mecaniques of Paris.

The problem of the proper signal frequency and dura=
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tion was prominent in the work of both Rice and Florisson,
It was recognized that the human ear is an excellent de-—
tector for sounding echos of the proper freqguency, not
only on account of its sensitivity bubt also because a
trained observer is able to recognize a characteristic
echo against a bad background of extraneous noise. On the
other hand, the accuracy of time-intervael measurements by
even a skilled obscrver with his entire attention on the
problem is too low for good soundings at small altitudes.
However, 1%t was found that direct Jjudgnment of digtance
from the time interval between the signal and the echo
could be used by a trained observer.,

Rlice carried out an analysis which caused him to use
a frequoncy of 3,000 cycles per second with a signal dure-
tion of 1/100 %o 1/50 of a second. The roasons for his
choice aro listed below:

"esesl, HMany cycles availablec in a short dblast.

2« Reduced maslking effoct fron low fregquoncy
noise.

3. Relatively low scattoring effects.
4, Best ear sensitivity.

5, Wide separation bectween onginc and signal
frequoncics permit effective filtsring or
tuning.

6s Direcctive traongsmittere and roeceivers of
noderate sizsee..” .

An extended sceries of flight tests gave the follow1ng
results for the Rice~G.E. sonic altimeter.
Neessls With engine running at cruising speed,
reliable cchos were obtained at 800 feeb .
and below.

2. Vith engine throttled for gliding flight,
reliable eochog were obtained at 1,800 feet
and bslow.

3¢ The echo was lost at 800 feet when bank or
climbd angle reached approximately 30° degroes
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4. ZEchos at 800 fect were clearocr and sharpoer
over flat ground, wator and ico than over
trces and flolds.

5, Whon flying over mountainous country, tho
rige and fall of the ground was caslly do-
tected by tho change in the timeo inteorval
botweon outgoing and received signal, as
measured by the mointer on the altitude
indicator or as Judged by the ear alone.

Gs When flying parallel to a steep hillgsidse, _
the echo was noticeably long and dragwn-oul
by reflection from varying dilistances.

7+ TWhen coming into a landing, the approach
of the ground was very evident due to the -
cloging-in of the time interval between
signal and echo, and when the plane reached
approzimately & or 10 feot from the ground,
the outgolng signal and the echo blended
into a continuous reverberation. Thig pro- _
vided a definite notification point which
the piloet cowld use for successful blind
landingseoeo !t . . . e -

Rlce gave no definite information on the effect of weather
conditions, T

In addition to the airplane experiments, Léglise noted
(refereace 11) that a G. E. sonic altimeter installed on
the airshin "Los Angeles' gave soundings up to 900 meters
over the ocean. This difference in range was, of course,
largely due to the reduceld parasite noises on an airship.

Florlsson d4id not glive the frequency used for hias
whigtle but noted that the signal had a duration of about
0.03 secound, His apparatus gave soundings up to about -
150 meters under cruising conditions and about 300 meters
with englines throttled., The readings could be carried
down %to 8 or 10 meters from the ground. o

The welght of Ricels firgt instzllation was 45 pounds,
wvhich was later reduced to about 30 pounds. Florisson'ls
outfit had approximately this same welght. However, Rilce
used one of the engine cylinders as his source of power ,
while Florisson allowed ovor 10 pounds for a compressor
and its accessories. No quantitative data are available
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on the reclatlive sound-output power of the two instruments
but it ~ppears that if Rice had used a separate conpressor,
the maxinum range per unit weight wourld have been almost
the sanme in the two cases. It is also rémarkable that
both investigators found that the difference in airplane
noise effects between cruising and gliding doublsed the

useful rangse., N

The work just described certainly demonstrates that
sonlc measurenments between approxinate altitudes of 10
and 1,000 feet can be carried out in practice. Two disad-
vantages are inmediately apparent: (1) the apparatus is
relatively heavy and (2) reliable results require constant
attention from o trained observer. This first character-
istic offectively prevents the use of such equipment on
snall alrplancs but becomes a leoss inportant objection on
large transports. Tho second difficulty is nore serious
and nust certainly he overcono before sonic altimebtors can
boe gonorally accopted as a routine flight instrument al-
though in a large airplane the radio operator or the co-
pilot could bo assigned the duty of making soundings.
This altitude information could be placed before the pilot
by an arrangenent sinilar to that alresady suggested by
Florigson., -

Raymond Dubois, of Consbtructions Electro-Mécaniquos
dt4snidros, anéd Commandant Labourour startod rescarch on
tho sonic altimetor problem in 1931 and continued work un-
til 2t prosent their instrument is available commercially
(references 4, 11,,18, 19, 20, 21, 22, 23, 24)., Dubois and
Laboureur dircctod their efforts particularly toward an au-
tomatic visual indicator and e gource of sound fto produce
a very short signal, Thoy pointed out that any sound de-
pending upon resonant frequency vibrations regqulres gevor-
al cycles to reach maximum intensity and then decays over
a numboer of cycles depending upon the particular system.
Since any receiving system requires some minimum intensity
for o detectable excitation, there will always be a time
interval between the arrival of the first echo cycle and
an indication by the receiver. This time interval will
vary with the echo intensity until at the upper limiting
altitude the indication will ocecur only vhen the strongest
cycle of the echo is reached. With specular reflection at
the ground this error in timing will correspond to 5 or 6
cycles of the signal when 2o whistle is used.

*An extended investigation of whistles, vibrating mem-
branes, and sirens as sound sources led Dubols and
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Laboureur to adopt the air-blown siren for their gonic al-
timetsr. They found that the siren used a relatively

small amount of compressed air and that the sound reached
its full amnlitude on the wecond oscillation. By the use
of a‘' gquick-acting balanced valve it was possible to produce
n signeol duration of 0,01 of a second. Such a short sig-
nal gave no advantage with the ear as the receiving ele-
ment since an obgerver was unable to distinguish between a
short sound of given intensity and a sound twice as long
but half the intensity. On the other hand, a short, sharp-—
ly defined siren signal worked better with automatic re-~
ceivers thon sgounds from a whistle. The frequency used

was 1,600 cycles per second.

For the sensitive element -of the receiver Dubols and
Laboureur used an electromagnetic microphone with the dia~
prhragm tuned to a frequency slightly different from the
signal frequency., With this deslign the unit responded
well to the signal while any random shocks or noises ex—
cited the diaphragm at—1its own natural frequency and the
effect of such disturbances on the indicator could be re-
duced by an electrical band-pass filter in the amplifier.

In the chronoscope Dubois and Laboureur replaced the
previously used mochanical and optical arrangements by an
entirely electrical gystem., Altitude readings were indi-
cated directly on a calibrated dial by a nonrotating
pointer. This result was obtained by use of a neon dig-
charge tube to control the current flowing into a fixed
condenser. A steady potential between the breakdown and .
extinction voltages was applied to this tube. A pulse of
. voltege at the instant of the signal started the tube and
-2 second pulse from the microphone stopped the tube when
the echo was received. During this time interval the con~
denser was charged through a resigtor and a vacuum tube
usod as a rectifier. With this arrangement the voltage
across the condenser terminals was a function of the echo
tlmec. After the ncon tube was extinguished the vacuum
tube and a meter in the plate circuit acted as an electrom-
etor to indicate the condenser voltage. The reading of
this meter remained constant until it was necessary to
discharge the condenser for a new sounding when the point-
er returned suddenly tov the gzero altitude position. This
type of indication was definitely better than that of the
chronoscopes previously used but the instrument was still
unsatisfactory on account of the "jump" back to zero be~
tweon soundings., Dubois and Laboureur later remedied this
difficulty by using a second condenser and vacuum tube
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electrometor to give the indications. This second con-
denser was momentarily connected across the terminals of
tho chronoscope condensger just before its discharge for a
new sounding. In this way the volitage of the second con-
denscr, whickh was very small comnared-#ﬁ‘gﬁe chronoscope
condenser, always corresponded to tho altitude of tho last
sounding and the change in position of the pointer bdetween
soundlngs was only the small shift corrospondlng to the
actual variation in altitude. A moro detailed doscription
of the Dubois~Laboureur sonic altimeter is given in Ap-
pendix A,

& Dubois-Laboureur sonic altimeter was glven flight
tests in 1932 on several airplanes and in a nonrigld air-
ship. Under cruising conditions over water, soundings
were possible ir an airplane un to 300 meters and practi-
cally continuous up to 250 meters. In the airship no lin-
it was determined but it was probadbly about 500 meters.
Over flat country of all inds the range for level flight
was about the same as over wabter. Under the worst condi-
tions of weather and ground the apparatus alweys worked
below 50 meters and gave usable results at 100 to 150 ne-
tere. It was found that the occasional echos received
even at higher altitudes gave cnough informatlon for DUr—
proses of gafety.

The welght of & complete Dubois-Laboureur installation
was about 50 pounds, which gave thelr instrument about the
sane perfornance in terms of range per unit weight as the
sonic altimetors already described. e

\

The electrical chronoscope is certainly a vortﬁ'hilé,|'

contrivution to the art and can be nede to give accurate
end relianble results if properly installed and naintaineds
However, the scheme deponds upon the use of a vacuun tube
in o circult of the "direct current" amplificr type and
will be sonsitive to changes in supply voltage and aging
of tho tube itself, nsidoc from the nocessity of recalibra-
tion if a2 new tube ig installed. In case such a circuit
1s used for field service some sinple arrangement for cal-
ibration should certainly be included in the installation.
In this connection, it i1gs interesting to note that the CEiA
sonic szltineter, which ig built under Dudbois-Laboureur pat-
ents, uses an electronechanical indicator instead of the
type described above.,

Nendillon (references 11, 17) used an electrically
driven diaphrasn %o produce the signal for acoustic sound-~
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ings., Hig recoivecr was an electromagnetic microphone
which operated an indicator of the optical oscillograph
type, Details of the units are given in Appendix 4.

A completely electrical system had nmany advantages in
the elimination of mechanical accessories and the possl-
bility of using power directly from the aircraft supply.
However, the ocutput available from a single unit was too
low for soundings except at low altitudes, ¥Nandlllon at-
terpted to overcome thig difficulty by using nultiple ele-
nent loudspeakers., In practice such an arrangement was
botihr cumbersome and heavy. The phatograph of figure 4
showing one of Nandillon's experimental installgtions i1~
lustrates this point. Nandillon's work was carried out
as & secret investigation und no information on hig exper-
imental resultsg 1g availadle.

Jecquet and Badin (references 4, 11, 18, 25) attacked
the problem of making accurate soundings at very low alti~
tudes. Their spparatus was completely electricel with the
emitter and receiver combined into a single unit., Instead
of the ususl short signal and an interval timer as the in-
dicator, they used a continuous signal with automatic mod-
ulation by the echo, .

In thls scheme the sound sent out by an electirical
loudspeaker was continuous until the echo reached the re—
ceilver. When this occurred the signal wns automatically
cut off and the speaker remained silent until the end of
the ocho wave train reached the recelver, and then the
loudspoaker immediately started again. This resulted in
squa lly spaced intervals of slgnal and sjilence. The dura-
tion of those intervals was directly proportiomzl to the
altitude of the apparatus, - Continuous indications were
given by an electrical meter which measurcd the fregquency-
of the antomatic modulation. A brief descriptiom of the
Jacquet-Badin instrument is given in Appondix A. This in-
strument had a weight of 9 kilograms. No actual test in-
formation 1s avallable but the scale graduations were car-
ried to o maximum altitude of 50 meters. The inventors
have definitely limitod thoir offorts to an instrument for

landing purposes. : oo R

The Jacquet-Badin sonic altimeter is intoresting cos
illustreting o new a&ttack on the indicator problem., How=
ever, an instrument with such a low operating range would
be of 1littlc use for the inmportant functionm of detecting
tho ground as an airplane desconds from a high altitudoe.
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In gone cases a warning at 150 feet would be helpful but
the situation would be nuch better if the waraning occurred
above D00 feet altitude.

L, P. Delsasso, working under a grant from the Gug-
genhein Fund for the Promotion of Aeronautics, investi-
gated certain phases of the sonic-altineter problem (ref-
erences 4, 10, 26)., His attention was particularly di-
rected toward geonetrical errors of the sonic altimeter
due to aircraft speed, ground inclination, ete.. He also
analyzed the noise spectrum from aircraft and stiddied at-
nospheric effects on tranasmisgsion of the signal -

Delsasso used a tuned diaphragn excited by a nechan~
ical blow as the source of sound. His receiver was a dia-
phragn with an electrical contact pressed against the
center of the dlaphragn controlling an 1nd1cating circuit.
The mechenical parts were so constructed that the receiver
was insensitive %o noises from the aireraft but a weak
sound of the signal frequency caused an immediate break of
the contact. A chronoscope of the type used in the FATH~
OMETER narine sounder was connected to the receiver. This
ingtrunment had a circular disk rotated at uniform speed
inside a scale graduated directly in altitude. An aubto-
natlic control systom caused a signal to be released ocach
tinme the ncon tube passed the scale zero. A flash of tho
neon tube occurred when the echo caused a break of the
recelvor contacts and produced a voltage pulse in the outb-
put of a vacuum-tube amplifior. Altitude could bo accu-~
rateoly deterninod from the position of tho neon tube flash
on the scale. Delsasso's apparatus is doscribed in Appen—

Delsassol!s sonic nltimotor was installed on o Goodyear
blinp a«nd gave reliable reosults as high as 350 foet and as
low os 4 foet. Tho woight of his apparatus is not given
but this is of 1little immortance sincc ho made no attenpt
to producc & commorciasl instrunont. In particular, his
experiﬂonts showed the dosiradbility of studying the effoct
of turbulence on sound ftreonsnission in tho atnosphere.

Honry Hughes and Son have started deoevelopnent work
on =~ gonic altimeter (referonceosg 30, 31l). No cngincering
details are available for the apparatusthich ig apparentn
ly still in the exverimental stage.

Electroacustic Gen.b,H. of Kiel, Germany, have devel-
oped o sonic nltinmeter called the ECHOSCOPE for conmercial

[~
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purposes (references 27, 28)., Thls instrument was used on
the Hindeaburg, and is to be installed on the new Zeppelin
LZ 130,

The ECHOSCOPE uges a siren supplied through a reduc-~
ing valve from a conmpressed-~air reservolr as the source
of sound. An electromagnetic nmicrophone acts as the sen-
sltive element in the receiving system and operates an
electromechanical chronoscope through an amplifier. The
chronoscope has a constant-speed motor which moves a poini-
er over tho altitude scale., An electrical clutch systen
within the instrument starts the pointer from zero when
the signal is sent out and stops the pointer when the echo
reaches the receiver. The pointer ig automatically re-
turned to zmero after each sounding and the cycle is re-
peated., Two scales are provided for nmaxinum altitudes of
100 and 500 neters, respectively. In the lower range,
goundinge are repeated at l.5-soccond intervals. This in-
terval 1s increased to 7.5 seconds in the high range.
The change from one scalo to the.othor is nade by & nan-
unal-control knob. Further detalls of the equipnent are
given in Appendix 4. : :

The ECHQOSCOPE gives soundings under normal conditions
up to 800 to 1,000 feot with automatic indications. Above
this 1init the echo becomes too weak to operate the indie-
cator but soundings can be carriecd out to greater altitudes
by using earphones plugged into an outlet in the anmplifier.
In this case the chronoscope hand rotates continuously and
altitudes are obsgerved by theo nethod of visual-auditory
coincldoenco,

An uncertainty of *1 foot is claimed for the ECHOSCOPE
on the basgis of a precision of 1/600 of a second for the
chronoscopes No nmention is nado of the effect of the 0,01
of a socond signal length on tho sounding process. With
the apparatus desceribed, tho uncertalnty in altitude should
be snall dbut a value of *1 foot appears to be an optinmis-—
tic estinate.

Including all air valves and one high-prossurse storage
cylinder but no wires or piping, the ECHOSCOPE weighs about
60 pounds.  The air supply 1s sufficient for 200 %o 250
soundings for the low range with tho slren pressure at 4
atmospheres. On the high-range scale a working pressure
of 8 atmospheres is used which reduces the number of gound-
ings from one bottle to 125, Thecge Figures correspond to

' t - -

o
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6 minutes and 15 minutes of continuous operation on the -
low~ aand high-range scales, resvectively. Such a short
reriod of operation will limit the usefulness of the in-
strument for general purposes. This difficulty can be
eliminated by the installation of a compressor to replen~
i1sh the supply during flight.

r
LTt

Alexander Askenasy (reference 29) Has applied for
French patents on a sonic altimeter using automatic modu-
lation of a continuous signal with indications from a fre-
quency meter. He proposed to use a sound source driven
from a vecuumn-tube oscillator through a variable-gain an-
plifier., The galn of this amplifier was to be controlled
by the output from a second amplifier connected to the re-
celver in such & manner that a strong echo produced a weak
signal and vice versa. With this arrangement the signal
could be sutomatically modulated to any desired extent and
the modulation frequency used for operation of a frequency
notor. Askonasy recognized the possibility of false modu~
lation due to ground or a~tmospheric conditions and includ~
od en "automatic volume control' to keep the output of the
recoliving amplifior constant in spite of orratic varia-
tions in tho echo intensity. Ho suggcested that a metor to
neasure the amount of compensation required would serve to
Indicate the nature of the ground surface.

There is no record that an instrument of the Askenasy
type was actually constructed. H. Jacquet in a review of
Askenasy's patent pointed out that the automatic modula-
tion scheme had already been used in the Jacquet-Badin
sonic altimeter., Jacquet also showed that an actual in-
strunent would require a modulation of 100 percent and in
this case the autonatic volume control would be useless.

PRESENT STATUS OF THE SONIC ALTIMETER

Plate I is a tabular sumnary of information on sonic
altinetor developnents as outlined in the previous sec-
tion, Most of this worlx has been done during the last ten
years, although Behn had nade soundings from an alrship
before 1925.

On the basis of operating range, the Rice, Florisson,
Dubois=Laboureur, and the ECHOSCOPE sonic altineters have
approxinetely the same performance, l.e., reliable opera-
tion up to an altitude of 500 to 1,000 feect under ordinary
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cruieing conditions., By this same criterion the insgbfru-
ments of Behm, Nandillon, Jacquet-Badin, and Delsasso are
inferior to those already listed. The maxinum working
altitude con be considered as a rough measure of the ef-

fectiveness of the sound source. It follows that conpressed-

alr whistles and sirens as used by BRice, Florisson, Duboisg~
Laboureur, and ECHOSCOPE are definitely superior to nme-
chanically excited diaphragns, electrical loudspeakers,
and pistols as used by the other investigators. With the
exception of the pistol, all the sources have been de-
signed to produce a signal of & constant frequency betwesn
1,500 and 3,500 cycles per second. Frequencies in this
range make enough cycles possible in a short blast to per-
nmit good selectivity in the receiver whether the human ear
or a tuned.nmicrophone is the sensitive eslement. In addi-
tion, directive emitters, recelving horns, and filters of
snall size can be designed with good efficiencles.

Tho oar of a trained observer is the most sensitive
and gselbctlive detecting element. Both Rice and Florisson
used an observer as a necessary link in their systems
while the ECHOSCOPE provides for auditory reception when
the echos become too weak to operate the chronoscope di-
rectly. The inaccuracies introduced by a human being in
neasurenents of short-time intorvals with a rotating point-
er chronoscope established a lower limit to reliable sound-
ings at about 20 feet, which corresponds to 1/30 of & sec-
ond. Below this, a trained observer can replace the chron-
oscope readings by his judgment of time intervals. In
spite of the advantages of auditory reception, any sonlc
altimeter which requires more than a glance for the ob~
server %to obtain an accurate reading, is certainly unsat-
igfactory as an aircraft instrument, o

The electromechanical chronoscopes of the BEEMLOT and
the ECHOSCOPE, and the neon~tube chrondscope of Delsassgo
all give direct altitude information but require inspec-
tion for several seconds for a reliable reading on account
of the intermittent nature of the indication. The same
remark applies to chronoscopes using optical indicatlons
guch as Nandillon's instrument and the early Behm units.
The Dubois-ILaboureur and Jacquet-Badin electrical chrono-
scope systems glve steady indications but are apparently
still in the experimental stage. The only instrument of~-
fered commercially which seems to have a continuously
reading chronoscope is the CEMA sonic altimeter manufac~
tured under Dubois-Laboureur and Bonscaren-Glazer patents.
(Soe Appendix A.,) No stress is placed on this point in
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the CEMA pamphlet used as the source of information, but
the description of the mechanism indicates that the only
change in hand position between soundings would be tha

corresponding to the sctual variation in altituds. o

Welght data on experimental apparatus is liable %to be
deceptive since the instrument designs have seldom been °
refined and the allowance for fittings, tubes, wires, etce,
will very from one case to another. Some refinements dice
tated by experience will probably be in the direction of
reduced weight so that the range of 30 to 60 pounds re-
ported for the sonic altimeters which have given best re-
sults, should include any satisfactory instrument buill
in the presont state of the art. The ratio of maximum
operating altitude under average cruising conditions to
total weight should give a reasonably good figure of merit
for sonic altimcter performance. The second column fron
the right-hand side of Plate I is devoted to this ratbio
for various sonic altimeters. The values are approximate
since there is no assurance that the performance estimates
were mnade under comparable conditions. The Rice-General
Electrie Co. instrument has the highost recorded ratio
with 48 feet altitude per pound of weight. The range inx
Tormation is taken from a General Electric Go. informa-
tion pamphlet which does not clearly state whether the
value of 1,200 feet was taken under cruising or gliding
conditions, so this ratio may not be a true value. The
corresponding weight -of 25 to 30 pounds for an installa-
tion is for an improved form of the equipment deseribed
by Rice (reference 13), and is supplied with compressed
gas from one of the engine cylinders. This gives the G. E,
ingtrument a decided advantage when compared with sonic
altimeters which include a special compressor. . In addi-
tion, the receiving system uses no amplifier but carried
the echo to an observer through a simple tube system which
also gives a weight advantage dPut reduces the usefulness

of the instrumont as compared to-a direct reading chrono-
gscopeo system, V*éulg . . -

With the exception of the improved G. E. sonic alti~
metoer, the figures of merit for the various instruments
fall into two classes. Tho Florisson (SCAM), Dubois-
Laboureur (CEMA), and original Rice sonic altimeters, and
the ECHOSCOPE have figures of merit between 15 and 20 feet
of altitude per pound of welght. As noted above, the val~
ues are approximate at best so this good agreement is o
probably fortuit>us. The BEEMLOT and the Jacquet-Badin
sonic altimeter have figures of merit of 9 and 8 feet of
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altitudo per pound ofweight, rospectively, which shows
that theso are less offective than the instruments firet
mentioned. At present the most refined instrumeonts are
of Buropean origin.

FUTURE POSITION OF THE SONIC ALTIMETER AS

AN AIRCRAFT INSTRUMENT

The last section showed that several sonic altlmeters
are well beyond the experimental stumges. At present, the
most refined dosigns are of European origin wlth four man-
ufacturers offering instruments for commercial use. Theso
companies aret

(1) Behm-Echolat-Fabrik of Kiel, Germany.
(2) EBlectroacustic of Kiel, Germany.

I'd . [N
(3) Constructions Electro-Mécaniques d'Asnieres of
Asnibdres, France.

(4) Socildte de Condensation ct d'dpplications
Mécaniques of -Paris, Franco.

In the United States, only the General Electric Com-~
pany of Schensctady, New York, has announced the coanstruc-
tion of a sonic altimeter.

With the best of the instruments now available, reli-
able readings up to a limit between 500 and 1,000 feot can
be expected uader airplane cruising conditions. The weight
of a complete installation including an air compressor will
probsbly be between 50 and 75 poundg. Undoubtedly the
rangc can bo increased and the weight reduced by improve-
ments based on experience, but it is certain that tho son-
ic altimeter will remain a heavy instrument which will
only operate at low altitudes.

When Rice started his sonic altimeter development in
1929, the blind-landing problen was receiving auch atten~
tion and there was a strong need for an instrument to 1n-
dicate absolute wltitudes near the ground. Even though
Ricel!s efforts were successful, his instrument was compli-
cated and aifficult to use when conmpared with the Kollsman
sensitive altineter which was introduced in tho United



NedAoCoAs Technical Note No. 611 21

States about this tine.l To use the sensitive altimeter
for absolute indications, an accurate compensation for
barometric pressure at the ground level was reguired dut
the radio supplied the pilot with this information and

the adjustnent was very simple. In the natural course of
events the sonic altineter development was dropped and the
sensitive alitimeter was included in the edquipment of all —
alrplanes used for blind flying. For ordinary opsration
over estahlished air routes,.the sensitive altimeter has
proved to be entirely adequate but there have been a num-~
ber of accidents which might have been prevented by the
use of sonic altimeters in airplanes. In general, the
sonic altimeter would be valuable in any case of bad vig=—
ibility when the pilot approaches the ground away from an
established airport either intentionally or by accident.

- For oxanple, it would assist in preventing collisions with
the ground during flights over mountainous country by give
ing the pilot a definite warning of Fising ground beneath
hin in time for him to clinmb over the obstruction or changse
his courses Over certain types of terrain it would be
possible to fly by instruments at a safe altltude of sey-
eral hundred feet with the sonic altineter replacing vi-
sion gs a means for maintaining contact with the ground.
Prominent landmarks on the ground such as hills and val-
leys could be identified by nobticing the rise @nd fall of
sonic altimeter readings in relation to indications from
the baromotric altimeter. This general method has long
been used with the marine depth finder as an aid to Mavi- —
gations In descents from higher altitudes toward a low
ceiling, the soniec altimeter would be a definite safety
factor, especially over unknown terrain., A% any time the
sonic altimeter would give an independent check on adjusb-
ments of the sensitive altimeter. -

Briefly summarized, the function of the sonic altim-
eter would be to supplement the barometric sensitive al- - —
tineter in all operations snd to increase the safety of
low-sltitude operations both in ordinary and emergency sit-
uationse. The future status of the sonic altimeter as an -
alrcraft instrument will depend upon the answer to a sin-
gle questiont IS THE SONIC ALTIMETER SUFFICIENTLY USEFUL
TO JUSTIFY ITS WEIGHT AND COMPLICATION? In the past the
answer has been definitely NO, but with the increase in
size of airplanes and improvements in sonic altimeters, 1%
seens that the question should be reopened and settled by
actual flight tests under service conditions. Certainly,
if a single accident could be prevented dy a sonlc altim-
eter, a throough investigation would be adply Jjustlfied.

Cem— T
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OUTLINE OF SUGGESTED SOWNIC ALTIMETER TESTS

The flight tests suggested in the last section should
be carried out with one of the sonic altimeters already
developed. If these tests show that the instrument has
sufficient promise, a further project should be devoted to
modifications leading finally to manufacture of sonic al=~
timeters in the United States.

The choice of equipment for sonic altimeter tests is
linitod to the five developments listed at the beginning
of this soction. The General Electric and Florisson son-
ic altimetors aro eliminatoed by -their use of the mothod of
acoustic~visual coincidence which is unsuilted for a rou~
tino aircraft instrument, The range of -the BEHEMLOT is too
small for satisfactory tests, which romoves this instru-
ment from considoration. The ECHOSCOPE and the CEMA sonic
altimeters have been reducod to practical instruments by
refinements based on actual experience. Both uso compact
siren unite for the signal, and an electromagnetic micro-
phone with selective amplifiers as the recciving system.
In this regard, the CEMA sir-compressor supply has a defiw-
nite advantage over the air-storage tank of the ECEOSCOPE
for long periods of operation. A4ctually, a compressor
could be fittod into the ECHOSCOPE system while the wind-
driven compressor of the CEMA would probably have to be
fitted with an eloctric motor drive. The indicators of
the two instrumonts are very similar except that the CEMA
unilt aspparently gives a continunous reading while the
pointer of the ECHOSCOPE returns to zero betweon succeos—
eive soundings. Eithor of these instruments should beo satw~
lsfactory for the contemplatod flight tests.

OUTLINE FOR A SUGGESTED INVESTIGATION OF THE VALUE OF THE

SONIC ALTIMETER UNDZR MODERN OPERATING CONDITIONS

A systematic investigation of_the performance of the
sonic altimeter is suggested to determine whether or not
this instrument should be included in the ocguipment of
modern alrcraft., 4 preliminary outline of the steps in
such o project is given below:

(1) Purchase of a commercial sonic altimeter which
incorporates the egsential featurecs required



(2)

(3)

(4)
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in an aireraft instrument for routine use.

Eithor the ECHOSCOPE or the CEMA sonic altime
etor would be suitableo for this purposce. The
manufacturer should be requested to furnish
all the information available on the perform-
ance of the component parts of his instrument.

Investigation of the performance characteristics
of the ingtrument chosen. This investigation
should examine the following points where reli=-
able data have not been received from the manu~
facturer:

(2) Frequency analysis of sound from emitter.

(b) Sound intonsity distribution measured at
various anglesg with the emitter under
condltions similar to those of actual
operation.

(¢) Total sound power fron the emitter by in-
tegration from the results of (b).

(d) Input power required to operate the emitter.

(e) Sonsitivity of tho roceiving microphone
and horn sgystem to sounds of various fre-
guencies.

(f) Sensitivity of the complete reggiving Sy g—
tem to sounds of various frequencies.

(g) Operating characteristice of the indicat-
ing chronoscope, i.e., input required for
opveration, timing errors, etc.

Installation of the sonic altimeter in a typical
modern airplane of suitable size.

Systematic investigation of the sonic altimeter
performance over a wide range of weather condi-
tions and with differont types of terrain. This
part of the investigation should have two as-
rects:

(a) Quantitative measurements by an observer
using an oscillograph or simpilar recording
ingstrument to make continuous records of

echo intensity.
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(5)

(b)
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Observations made by an experienced pilot
(preferably flying "uader the hood") as
to the value of +the sonic altinmoter in
actual practice,.

Detailed report on the rosulte of the investi-
gotion to include

(a)

()

Recomnnendation to either extend the use of
the sonic altinoter by test installations
on a nunber of alrplanes in actual service

or to drop the instrument from further
consideration.

Reconmendations for improvementg in the
sonic altimeter in case it is decided to
continue the works

il
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PART II

THEORETICAL ASPECTS OF THE SONIC ALTIMETER PROBLEM
INTRODUCTION

Acoustic measurements of altitude depend upon the use
of a gpnderureceiyer combination able to produce signals
and to definitely detect the corresponding echoes in the
presence of aircraft noise. The system must indicate fhe
time interval Dbetween the signal and the echo. One of the
problems in & practical instrument is the correlation of
this time indication with the actual altitude. The time
interval depends only on the velocity of sound and the
length of the sound path. Sound velocity varlies with tem-
verature and humidity while the sound path for a given
altitude depends upon the inclination of the flight path
vith respect to the ground, the asircraft speed, and the
relative positions of the sender and the receiver in the
ailrecraft. Since the establishment of an altitude scale on
the chronoscope dial requires that a single altitude be
assigned to each time interval, some set of standard con-
ditions must be chosen for the calibration 6f a glven in-
strument. Once the instrument has been calibrated, the

—_—_—— = e

to the actual glititude if the existing conditions vary
fron the standard conditions, In the discussion which
follows, any difference between indicated and actual alti-
tudes will be expressed as a ratio and called an grror.
The problems of calibration and the various types of er-
rors are considered in Section I. . -

During flight over sloping ground and when the air-
craft clinbs or descends, the flight path will be inclined
to the ground surface. Such a condition has two effects
on the operation of a sonic altimeter: first, the fre-
quency of the echo is different from the signal frequency
due to the Doppler Effoct and, second, the indicated alti-
tude differs fronm the actual altitude when the echo is re-
ceived. The error due to an inclined flight path is stud-
1ed in Section I and the Doppler Effect is considered in
Section II, '

The production and propagation of the signal and the
reception of the echo present problems which belong %o
the fiecld of acoustics. Soction III is devoted to a brief
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study of each component part of the sonic altimeter from
this standpoint. An estimate of the probable limitatlions
is maode for sach case.

SECTION I - ERRORS OF THE SONIC ALTIMETER

Calibration of “the sgonic altimeter involves a geomete
rical study of the sound path. Since some definite set of
conditions mugt be chosen, 1%t is logical to choose the
simple case of level flight over level ground with the
sound propagated in straight lines. .The essentlal foa-
tures of this problem are shown in figure l. Sound from
the- sender S travels over two sides of a triangle and
back to the resceiver R. During the sound transit the
aircraft with velocity v, has moved over a distance vt
where t 1g the time between the signal and the echo.

In computing the sound path the distanes d, between the
goender and receiver musgt be added or subitracted, depend-
ing upon whether the recceiver is ahead of or behind the
sendor. By a simple application of the law of squares,
the actual gltitude in terms of the other variables is
glven by the oquation

. i.da ’
ha=9‘§/l~(zct) (1)

where ¢ is the actual veloclity of sound and h, 1s tho

actual altitude. When the chronoscope has becn calibrated
for the standard conditions ¢, and v, the indicated

altitude by, as read directly from the instrument for
any time interval ¢ will Dbe

c t Yo = T
A <____§> (2)
2 Co

It follows that tho indicated altitude is equal to the ac-
tual altitude only undor calibration conditions. For any
other conditions the ratio of actual to indicated altltude
is B

a r a\8
v x4 Vo = ¥
by . & [1 - (____E):'/l} - <._9.__i (3)
hy Cy o c Co
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The value of sound veloclty selected for calibration pur-
poses will depend upon the average atmospheric conditions
under which a given instrument 1s to be used. On the oth-
er hand the airecraft velocity used in the calidbration is
arbitrary and can be chosen either to give strictly cor-
rect readings at some one speed or to minimize errors over,
a range of operating conditions. The errors due to vari-
ations from calibration conditions will be discussed below.

Timing errors, due to uncertainties in measurenents
by the chronoscope, will affect the indicated altitude
directly as shown by equation (2). This error in the tinme
interval will usually be of approximately constant nagni-
tude independent of the length of the time interval being
neasured, For an unskilled observer using the method of
acougtic~visual coincidence, the tining error can have an
order of magnitude of +0.10 of a second (reference 33),
while a good eloctromechanical chronoscope will give a
precigion of +0,00Ll of a second (reference 11). If the
sinplified case of calibration conditlons with sound ve-
locity equal %0 1,125 feet per second and

a L P -
v g
L << 1 _ (4)
Co -
igs congidered, the indicated altitude becones
At c
- vl * el
hy = h, * 5 e (5)

when the tining orror is A%t (At 1is taken positive if

the indicated interval is longer than the actual interval).

A plot of the ratio of actual altitude to indicated alti-

tude vee actual altitude is given in figure 5 for fthroe

values of At. The curves show that a tining error of

#£04001 of a second will give substantielly correct readings

down to an actual altitude of 5 feet, while a timing error

of £0,1 of a second introduces altitude errors larger than

20 percent for all altitudes below 250 feet. The best

sound sources used in sonic altimeters up to the present .
time produce signals which last about 0,01 second, sq that -
the tine intervals to be neasured by the chronoscope should

be defined with an uncertainty less than this amount., In

practice it should be possible to keep chronoscope tining

errors between 0,001 and 0,01 of a second so the altitude =
errors will be less than 20 percent down to an actual al-
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titude of-about 10 feet. In any case the largest timing
errors discussed here can be neglected for all altitudes
greater than 200 feet,.

Errors due to variagtiong in gound velocity act on the
indicated altitude as shown by equatlion (3). Assuming
that the aircraft ias flying at the calibration speed, the
terms under the radicals are substantially equal since
the percentage variations in sound velocity are small.

The ratio of actual to indicated altitude will thus be the
same as the ratio of actual sound velocity to the calibra-
tion value of sound velocity.

Sound velocity is determined by the temperature and
composition of the atmosphere as glven by the well-known
equation (reference 32) )

ce ) —EZ (6)
where
Y = gspeciflc heat at constant pressure
specific heat at congtant volume
Rg = unilversal gas constant:s - -
T = absolute temperature,
m = molecular welght of 'air ,

Over the range encountered in practlce, the ratio of spe~
cific heats can be considered as constant (reference 34.)
so that equation (6) combined with equation (3) under the
stated conditions gives

h Tm. ' o
_--ja-’ o~ _;1.7_1.9.. P —_— A —_ .- _(7>
'hi Tom .

where the o subscripts refer to calibration temperature
and molecular weight, respectively. Thus a 2-percent va-
riation in the ratio of absolute temperature to molecular
welght will cause only e l-percent error in altitude indi~ _ .
cations,

Over the extreme range hetwsen saturated air at 40° C.
(104° F.) and air with 20 percent relative humidity at
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=200 G, (~4° PF,), the change in mclecular weight is about
3 percent, which corresponds to a l.5-percent error in hiy.
Since the conposition of the air is sudbstantially constant
excopt for moisture content (reference 34), the effect of
hunidity on sound velocity can be neglected under operat-
ing conditions.

The ayerage operating temperature will be nsar 290° ¢.
Kelvin (63° F.), so that a change of 6° C. (10.8° F.) rep-
resents a variation of about 2 percent and has an effect of
1 percent on indicated sltitude. Assuming that the extrene
range of temperature encountered in practice is 60° G.,
gonlc altimeter indications will vary about 10 percent from
this cause. It would be esasily possible to incorporate ei-
ther an sutonatic or a manual correction on the chronoscope
dial fto correct for temperature changes.

' Separation between the sending and receiving uniis
wlll affect the calibration relation at altitudes where

d/t is of the same order of nagnitude as the aircraft ve~
locity +v. (See equation (1).,) This effect has beén stud—
ied in detail by Schreiber (reference 9). Schreiber's genw-
eral nethod was used in the treatment presented beslow.

If it is asssuned that the sonic altimeteér is calibrat-
ed without considerastion of aireraft velocity or unit sop-
aration effects, i.e., under the condition of equation (4),
equation (3) becones )

2 oo Y
hg ( d
=2 = 1 - (0 £ 57— . (8)
By / o = Bhy
where
v )
Cp = =2 : -
° co ) R .

Figure 6 is a plot of equation (8) for various values of
the calibration aircraft speed/sound velocity. The curves
show that for altitudes over four times the separation
distance and aircraft velocities less than 0.2 of sound
velocity, errors due to the separation have no appreciable
effect., Eowever, for altitudes equal to or less than the
separation, the errors become large. Obviously, i% is
possible to correct the altitude scale for the separation
error in e given installation. The separation effect can
become important at low altitudes with installations in
large airplanes vhere the sender and receiver are placed
many feeb apart in order to reduce direct acoustic inter—
ference. . R
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Aircraft velocity will affect the ratio of actual ale-
titude to indicated altitude as shown by equation (3). It
has glready been shown that the effect of sender-receiver
separation can be neglected at altitudes much greater than
the separation. This is equivalent to neglecting 4/t in
comparison to v so that equation (3) can be written as

ha [o] l-O'B (
-a . =2 /=02 9)
hy Co 1 - 002

_ actual aircraft velocity
" calibration sound veloeclty

where

Equation (9) is plotted in figure 7 for the case of actual

gsound velocity equal to calibration sound velocity. Three

values of calibration alr speed are conmsldered. The curves
show that up to values equal to 0.4 of sound velocity, the

effect of aircraft speed on indicated altitude is less

than 4 percent.

Errors due_to inclinption of the flight path are
caused by the coantinuous variation of the sound path
length and the distance above the ground during the sound
translt intervals This inclination can be due either to
sloping ground or to altitude changes of the aircreft
without affecting the theorsetical treabtment. The actual
altitude to be used in comparison wlth the indicated alti-
tude can reasonably be chosen as that which exists when
the echo is received. Delsasso (reference 26) has studied
this problem and has given a correction plot for various
angles., The treatment which follows is substantially the
game asg that of Delsasso,.

Figure 8 shows the essential geometrical features of
the inclined path problem. It is assumed that the neces-
sary adjustments to gender and receiver angles have been
made to ingure a satisfastory reception of the echo. 4
signal is emitted when the sender is at S and is received
at R after traveling over the path SOR. The angle be-
tween the flight path and the ground is called "o and is
taken as positive when the aircraft is approaching the
ground surface. Neglecting the separation between the
sender and recelver, the alrcraft will move the distance
SR in a time ¢. In this same time the sound pulse must
travel over the path SOR. The problem is simplified dy
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addition of the mirror image S!OR! +to the actual sound
path. In the complete figure thus formed, the length of
the sound path is SR' which is equal to ec¢t. The line
‘RR! 1is equal to twice the actual altitude when the echo
is received. Applying the law of cosines to the triangle
SRIR gives ' : B -

4hy = (et)° + (v6)7 = 2 (o) (v8) cos @ (10)

Bquation (10) can be written

hy = %% v/l + 02 -« 20 cos © (11)

The next step is to determine © in terms of o by again
applying the law of cosines %o the triangle SR'R to ob-
taln A

(et)® = (ang)? + (vt)° = 2 (2hy) (vt) ces ¥ (12)

Eliminating h, between eguations (10) end (12) and using~
the relation cos Y = - gin o« from figure 8 gives:

. % >
cos B = ¢ [cos2 o * sin o (%ﬁ - cog?® a)-] (13)

The desired expression for actual altitude is reached by
substituting the value of cos 6 from equation (13) into
equation (11).

= &t a. 2 1 '
hy = 5° J 1+ 0% - 20 [éosa @ + sin o <E§ - cos® a) }

(14)
If the effect of sender-recelver separation is neg-
lected, the ratio of actual to indicated altitude in an
instrument for level flight over level ground becomes

5
1 + o2 - 20° [cos8 a + sin a (JE - cos?® m)
hy _ < ol -

hi ¢ 1=y

(15)
In this equation the proper sign has been chosen for
sin oo to fit the convention adopted abovs.

The curves of figure 9 are plotted from eguation (15) ~

 ——
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to show the effect of flight~path inclination at various
airecraft speeds (calibration-sound velocity has been as-
sumed)s With the aircraft flying toward a slope, the ac-
tual altitude will always be lessg than the indicated alti-
tudes The reverse situation exists vwhen the. aircraft
flies away from a glape. In the limiting case of a flight
path directly toward the ground surface, the indications
would be about 40 percent high with an aircraft speed equal
to half the velocity of sound. TFor a 45° slope the error
in indicated altitude will be 20 percent for an alrcraft
speed equal to 0.3 the velocity of sound and about 8 per-
cent for an alrcraft speed 0.1 of sound velocity. The er-
rors decreage rapldly as the angle of inclination becomes
less. VWith normal landing speeds and glide paths less
than 20°, the effect of inclination on the indicated alti-
tude will be smaller than 5 percent. These yesults show
that for ordinary conditions the errors due to path incli-
nations can be neglected,

DISCUSSION OF ERRORS IN THE SONIC ALTIMETER

The foregoing discussion has shown that if time inter-
vals can be measured by & sonic altimeter system with an
uncertainty less than 0,01 of a second, errors of all
types can be reduced to negligible size except near the
ground. Altitudes below 30 feet are more difficult to
neasure but by a special calibration taking into account
the separation between the sender and the receiver in a
given installation, accurate indications can be carried
lower. Ultimately the length of the signal will become
the factor which determines the lower operating limit.
This phase of the problem must be attacked by design
changes rather than as a matter of calibration.

In general, the inherent errors of a properly deslgned
sonic altimeter are so small that the indications can be
used with complete confidence under operating conditions.

SECTION II - DOPPLER EFFECT DUE TO INCLINATION OF
TEE FLIGHT PATH

Delsasso has analyzed the effect of an inclined flight
path on the frequency of the echo when a constant frequency
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sound source is used (reference 26), The treatment out-
lined below i1s taken directly fronm Delsasso!s work,

A sound of frequency =ng sent out by the source at
S would have a wave length of Ag if the source were

stationary; that ié, one cycle would be completed in a
distance esquael %o Age For acoustic sounding purposes

only the sound sent out in the dirsction 50 1is inmportant,
The source has a velocity component v cos 6 in this di-
rection, so that the distance for one complete cyele be-
cones

Ag = Tcos 8 - &~ v cos & _ Mo (16)

Rg . Bs

which is the wave length Ao, thaf would be detected by

a stationary observer at 0O, The corresponding frequency

)

e c ' '
=2 o 17
%o Ao %8 % = v cos © (17)

If the angle @& is less than 90° the aircraft will have a
velocity component away from O along the direction OR
equal in magnitude to v cos . On the aircraft, the re-
celved frequency np, will be reduced in the ratio of the

veloclity of a point on the sound wave past the recéeiver
to the velocity of sgound in free air, i.e.,

_ ng ¢ (c = v cos &) 1
- (¢ - v cos B) ¢ (18)

vhich can be wyritten as

]l - cog

np = ng =—-C0. 208 19)
R S 1. o cos B (
This relation is more useful if 8 and @ are expressed
in terms of o. By a process like that used to determine
8 as a function of « (see equation (13)), cos & can
be written as ‘

cos ® = ¢ [cosa a £ sin o (ﬁ; -~ cos? a)i] (20)

When the expressions of equations (13) and (20) are sub=-

is _ -
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stituted for cos 6 and cos & in equation (18) the re-_
sult ia oo ’ '

1 =02 cos® o'+ 0 sin a (1 - o2 cos® a) (21)

1 -02 cos® @ -0 sin a (1 - o2 co

a? a)%

where the signs have been adjusted to the convention for
o A
Using the expression for np Delsasso shows that the

ratio Detveen the received and emitted frequencles N =
np/ng of equation (21) can be reduced to the form

2 ,
ng-enl"‘l’ €08 2% 4 1 = ¢ (22)
- g

A polar plot of 1N as a function of o« for various
values of o 1g given in figure 10, TFor alrcraft veloci-
ties about 0.1 of sound velocity the increase in echo fre-
quency produced by flying toward sloping ground is small,
beilng only 20 percent for flight directly toward the ground.
However, for the higher aircraft velocities the effect is
much more pronounced; for example, with an aircraft veloc~
ity equal to 0.3 sound velocity flying toward a 30° slope
will produce a 40-percent increase in the recelved fre-
quency as compared to the emitted frequency.

The Doppler effect has no direct effect on altltude
measuromnoents but 1t becomes very important if a tuned re-
codlver is to be used for the echo. If the tuning 1s mado
too sharp in an attempt to increase sensitivity, a rela—
tively small slope in the ground or even a steep glide
may shift the received frequency to such an extent that
the echo can no longer be detected. On the other hand, if
some provision is made for manually tuning the receiver
in accord with a suggestion made by Delsasso, 1t might be
possible not only to maintain the receiver sensitivity but
even to nake a good estimate of the ground slope below the
airplane., The importance of these suggestions will have
to be determined by sgervice tests.
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SEGTION III - ACOUSTICAL PROBLEMS OF THE SONIC ALTIMETER
INTRODUCTI ON

Acoustical principles determine the perfornance of
sound sources and receivers for the sonic altimeter,
Acoustics must also be considered in tining the interval
between the signal and the echo since a minimun number of
cyeles ig required in sach blast for a satisfactory detec~—
tion of the signal in the presence of alrcraft noise. The
intensity lossegs due to spreading and absorption during
propagation of the signal also requirse treatnent by mneth-
ods of sound theory. 4 brief study of these various prob-
lems will be given below to suggest the important limitae-
tions rather than to present a complete treatment.

Figure 11 shows the essential parts of a sonic altime-
ter system. A source of energy is connected to soné& type
of transducer for converting nechanical, electrical, or
compressional energy into sound. The energy is controlled
by a timer which permits a short sigunal at definite inter=—
vals, Since the transducer must have a very high sound-
power output, it is necessary to use some tyve of "horn oxr
reflector to give efficient coupling and %o confine the
energy in a properly directed cone. Once the signal has
left the sender, the effects of absorption in the ailr and
at the ground surface nust be considered. A socond trans-
ducing elenent in the receiver nust convert the energy col=-
lected from the echo by a horn or reflector into electric-
ity which can be amplified to operate the chronoscope.
Since the original sound energy is first coaverted into
nechsnical snergy and finally into electrical energy, the
filtering systen to reduce aircraft-noise effects can have
scoustical, mechanical, and electrical elements or may be
a combination of all three. The chronoscope is connected
to the sending and recelving systems and nmust be fitted %o
the reguirements of both. The discussion below will con-
sider sach of these parts of the problem and finally make
en estinate of the theoretically possible performance of
a sonic altineter. I ST

CERONOSCOPE

The ‘device for tining the signal-echo interval will
be considered first since the problems involved are nechan-
1cal rather than acoustical,



36 Neh.C.A., Tochnical Note No. 611

Chronoscopes of various types have beon described in
the sections on sonic altimeters which have already been
constructed. A good general discussion of the subject is
glven by Dubols and Laboureur (referencs 19). It has been
noted that the oscillographic instrunents of Behn, Floris-
son, and Nandillon arnd the neon discharge-tube arrange-
ment used by Delsasso are sll capable of measuring tine
Intervals with an uncertainty lese than 0.001 second.
However, these devices depend upon an optical signal which
requires that the pilot be looking at the dial when the
echo 1s rececived, The automatic-roading electromechanical
chronoscopes used in the BEHEMILOT (reference 8) and the
ECHOSCOPE (reference 28), are better than the oscillo-
graphlc type from this standpoint, dbut still have the dis~
advantage that the pointer returns to zero between sound-
ings. No quantitative information on the precision of
these instrunents ig given beyond the statement that the
ECHOSCOPE can neasure 1/600 of a second.

Chronoscopes have long been used in the sclence of
psychology to nmeasure reaction times and have received
their highest state of development in this field. Descrip-
tions of modern electromechanical chronoscopes have been
given by Max (reference 35) and Dallenbach (references 36
and 37). The uncertainty in measuring short time inter-
vals ig of the order of 0.001 second. The discussion of
tining errors in the sonic altimeter has already shown
that a precision of 0,001 second will be completely satis-
factory for measuring signal-echo intervals. At present
the electromechanical chronoscope nust be reset for each
new reading. However, the addition of a mechanisn similar
to that used in chrononetric tachometers will make contin-
uous reading possible., The intermittent action of both in-~
strunents is essentially the same so that the necessary
refinerients should not be difficult. '

Electrical chronoscopes have distinct possibilities
in thet the precision and sensitivity can be easily con-
trolled in an instrument with no nmoving parts except the
indicating hand. Dubois and Laboureur (references 19 and
38) have devoted considerable effort toward the develop—
nent of the time constant circuit type of chronoscope
which is described in Appendix A. Since the time of theilr
roported work, many new electronic circult elements have
becone available. In particular, it would be an advantage
to replace the sinple neon tube~control elements by modern
grid-controlled discharge tubes such as the General Elec-
tric Thyratron. The future status of the electrical
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chronoscope will depend upon a balance between conveniences
in operation and the necessity of close volbage control in
a circuit whose elements nay be subject to aging effectes
and sensitlive %o vibration.

Electrical freguency meters have recelived nuch atten—
tion during the last few years. Hunt (reference 39) and
Wheatcroft and Haley (reference 40) have described direct-
reading frequency meters based on nodern slectronlc tech-
nique. This type of instrument seems to haveée good possi-
bilities as the chronoscope unit for sonic altimeters of
the nodulation types ms described by Jacquet and Badin
(reference 18),

At the present time the electrgnechanical chronoscope
seerts to be best adapted for use in the sonic altimeter.
The precigion of this instrument can be made s6 high that
it does not limit the accuracy of altitude measurements in
any way and it geems to have withstood the test of actual
service in a number of installations. Ohronoscopes of the
electrical type show considerable pronise but will require
developnent before they are completely satisfactory. 1In
any case, there is always the rotating hand-human obssrver
conbination with excellent sensitivity dut low precision
in time nmeoasurenment.

SOME RELATIONS FROM THE THEORY OF SQUND

The theory of sound deals with small displacements of
particles in a continuous medium. Figure 12 shows the es-
sential features of the sound problem for the simplifled
case of a plane wave. When no disturbance is present, all
the particles in planes at right angles to the x-axis are
at rest in their equilibrium positions. VWhen these parti-
cles are disturbed by a pressure gradient in the naterial,
all the particles in a thin slice are displaced a distance
¢ from the equilibrium and resist the motion by their own
inertia reaction. A derivation of the wave eguation for
sound is outlined in Appendix B and the solution is gilven
for the case of & sinusoidal wave. It is noted that the
relations conmmornly used in sound theory are based on the
assunption of a disturbance so small that the density and
pressure changes are negligibly small fractions of the ac-
tual values. In this case of an "infinitesinal' disturb-
ance, the wave will nmaintain the sane shape as it is prop-
agated through the mediun. On the other hand, if the pres-
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sure and density changes are too large, a wave will change
its shape during propagation. This fact is inmportant for -
sonic altineter work since it places a limit to the amount

of sound power at a single frequency which can be sent out

from a source of given size. If thilg linit 18 exceesded,

a part of the energy will be lost in higher harmonies

whlch cannot be detected by a tuned and filtered receiving

system,

Derivations of the sound-theory relations which are
useful for sonic altimeter purposes are carried through in
Appendix B. The quantities of most interest in waves of
ginusoidal form are:

P is the root mean square pressure change due to a

sound wave; called excess pressure or gound

pressure. -
€., amplitude of particle displacement due to the -

sound wave.

I, average rate.of transfer of sound energy across
unit-area of the wave front; called intensgity.

In the succeeding discussion p will bs measured 1in dbarsg oy
(one:bar is equal to ens dyme per square centimeter), dis-
placements will be measured in centimeters, and intensity

will be given in watts per square centimeter. The rela- $
tion between intensity and sound pressure l1ls

p_a .
I = — . watts per square centimeter (23)
Py © 10

where p, 1s the density in grams per cubic centimeter
and ¢, velocity of sound in centimeters per second

For the case of normal barometer (760 millimeters of mer-
cury) and a temperature of 20° C., the value of p, ¢ is

42, TFigure 13 ghows the curves for sound pressure, parti- -
cle displacement, and particle acceleration as functions
of intensity., The range of intensities chosen is very
high compared-$6 thoge encountered in ordinary sounds
since it is desired to illustrate the extremely high ac-
celerations which would be necessary to obtain high out- . -
puts from gmall-gize radiating arecas. For purposes of
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comparison, it can be noted that the maximum intensity a
human being can endure without injury to the hearing or-
gans, 1s about 0,001 watt per square centimeter. For a
sound pressure of O.1 atmosphere, the variation of the co-
efficient in the wave equation which gives the velocity

of sound (sec Appendix B) will have the same order of mag-
nitude. This great a change would certainly be accompa-.
nied by considerable ecnergy losses from the effective sig-
nal frequency. Using.the intensity corresponding to a
sound pressure of 0.1 atmosphere taken from the curve as a
tentative limit, the maximum sound intensity in any pas-
sage of & practical sound source would be '8 watts per
square centimeter. This intensity corresponds to an accel-
eration 4 X 10° times gravity. Since the curves are
plotted on the basis of simple sound theory the values
willibe approximate.only. However, the difficulty of in-
parting such motioné‘fgja mechanical system is obvious.
The actual linmit of efficient operation for any given
gound source would have to be determined by experiment, so
it i1s 'impossible to do more than indicate the nature of
the actlon to be expected. oo

JR—

The general subject of acoustic losses in high inten~
sity sound waves has been treated by Fay (reference 41}
and Thuras, Jenkins, and O0'Neil (reference 42).

EFFECT OF SPREADING ON SOUND INTENSITY

If the output from a source of sound Is confined to
2 cone whose apex is the gource, the same amount of en-
ergy will flow across surfasces which increase in area with
the square of distance fron the source. This is no longer
true if losses due to absorption are talen into account.
Rice (reference 13) has particularly considered the effect
of spreading on the sonic alitimeter problem and describes
nany actual measurements on .sound intensities from vari-
ous sources. In Appendix B it is shown that,if spreading
alone is considered, the relationship betweén sound pres-
sure, actual altitude, and power of the source is:

cos § w . - T
= 24
P 184 h J/>l - cos A (24)

where - T
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h is in feet
P 1s in bars
W is in watts _
A is in half aﬁgle of the cone of sound

-
§ 1s the angle between cone axisg and the
vertical

In general, the requirement to be fulfilled is that a
certain minimum sound pressure must exist in the echo from
the signal in order to produce a definite response from
the receilving system., Thus the essential design problem
in a source.of sound is to achieve the largest possible
output confined to a narrow beam; i.e., to make W largs,
and A small., The angle &, between the cone of sound
and the vertical should be sot to produce the best possi-
ble echo at the receiver. This angle is determined by the
ratio of the speod of the airplane to the speed of sgound
and the slope of the ground. 1In actual practice this til%
of the sound cone can be made adjustable, or fixed at some
compromise angle. The alternative is to make the cone of
sound so large that it will reach the receiver under all
conditions which occur in operation, This last solution
is unsatisfactory since a large cone angle reduces the ef=
fectiveness of the source sgo far as the echo is concerned.
The effect of spreading on the range of a sonic altimetber
will be considered later.

ABSORPTION LOSSES

Absorption in the atmosphere reduces the intensity of
sound due to friction effects in the medium itself. Thesse
transmission losses may be divided into two classes: first,
direct absorption of the sound by the medium, and second,
losses due to diffraction and interference resulting from
nonhomogencity and turbulence in the medium.

Except at very high intensities, such as might exist
in the immediate vicinity of an intense source (reference
42), the absorption of sound per unit distance transversed
is found to be proportional to the intensity of the sound.
Mathematically, this leads to an exponential law for dew
crease of intensity with distance for plane waves, i.6.,
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I = I e M¥ (25)

where I is the intensity of sound when x isg gzero

0

x, dlstance measured from some arbitrary point ¢

W, the absgorption coefficient

The most rellable data on this type of attenunation are those
glven by Knudsen (references 43, 44, and 45). EKnudsen hasg
carried out extensive measurements on the rate of decreasse
of sound intensity in closed chambers &¥ & function of tem=
perature, pressure, composition, and moisture content. EHis
data, which are pertinent to the sonlc altimeter problem,
have been converted into terms of db reduction in inten~
slty per 100 feet of distance and plotted in figure 1l4.
These curves show that conditions of high humidity are ac—
companied by relatively low attenuation. This is a desira-~
ble characteristic for acoustic soundings since a sonic al-
timeter will be most useful in fog and storms. For high
humidities the attenustion at 2,000 cycles per sécéoud is
1/4 db per hundred, and at 10,000 cycles mer second the
attenuation is 2 db per hundred feet. Thus a 2,000-cycle
beam will be reduced to half intensity in a distance of
1,200 feet, while a 10,000~cycle beam would regulre only
150 foet for this same reduction. This rapid increase in
absorption with increasing frequency certainly prevents

the use of ultrasonic frequencies for sonic altimeter pur-
poses and makes it desirable to use the lowest freqguencles
permitted by other aspects of the problem.

Information on the effects of nonhomogenelty in the
atmogphere is much more difficult to obtain than in the
case of direct absorption. ZExtended studies of the trans-
mission of fog signals at sea have been made by Hubbard
(reference 46), Milne (reference 47), King (reference 48),
and Tyndall (reference §0)MH] Of the investigators who have
studicd the sonic altimefer directly, only Delsasso (ref-
erence 26) has made any specific mention of the effect of
atmospheric conditions, although a numdber of others have
suggested that violent disturbances such as storms greatly
affect the operating range of a sonic altimeter. Data on -
sound transmission in an essentially horizontal plane can
probably not be directly applied to vertical sound paths.

Vertical gradients of velocity and temperature may have
nuch worse effects on horizontal than on vertical tralds="—" T
mission, The only conclusion that can be drawn from the



42 N.A.C.A. Toechnical Note No. 611

information now available is that atmospheric attenuation
will fluctuate in an erratic manner and becomes greater
under conditions of strong disturbances. Since one of the
important functions of a sonic altimeter is to assist the
pilot in bad storms, this phase of the general problem
should certainly be investigated to establish quantitative
limits for the conditions found in practice.

REFLECTION AND ABSORPTION AT THE GROUND

Refloction from the ground surface forms an essentlal
rart of each acoustic sounding. The wide variatlion of the
ground surface makes this phase of the problem very diffi-
cult to handle quantitatively. It is only possible to de-
fine the limiting cases and to sketch in roughly the gen=~
eral principles involved. The best possible condltion is
that of a hard plane surface which does not absorb any en=
ergy and reflects the sound beam in the same manner that
light is reflected by & mirror. Thig is called spegcular
reflectlion and ig illustrated in flgure 1l5a. The second
type of reflection is assumed to have a maximum intensity
on the perpendicular to the reflecting surface and fall
off as the cosine of the angle from this perpendicular.
This variation is sinilar to Lanbert's Law of diffuse re-
flection in optics, and fur this reason Rice has given the
name of diffuse reflection to this type of acoustical phe-
nomenon. Figure 15b is a plot showing the intensity as a
function of angle in diffuse reflection, Actually, any
reflection of sound will be some combination of both types
of reflectlion depending upon the nature of the reflecting
surface. Filgure 1l6a shows & possible distribution of in-
tensity with specular reflection predoninating, while fig-
ure 16b is a similar plot showing a case with diffuse re-
flection nredominant. An expression for the ratio between
echo intensity with specular reflection and with diffuse
reflection has been given by Rice. Absorption losses at
the surface of the ground are taken into account by neans
of reflection coefficients. As derived . in Appendix C,
this expression is:

i

Ip! xt

_ (26)
In 4K tan® A

where K* is the reflection coefficient with spec-
ular reflectioni
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X, the reflection coefficient with diffuse
reflection 1

A, the half angle of the cone of radiation ,

Rice notes that with both reflection coefficients equal to
unity the intensity ratio is 8 for a half-cone angle of
109, 1If the specular-reflection coefficient is unity and
the diffuse-reflection coefficlent is 0.25 the intensity
ratio becories 32, These values illustrate the very large
differences which can result from variations in the re-
flecting surface. In practice both diffusion and absorp-
tion effects are taken into account by moams of experimen—
tally deternined coefficients.

Eisner and Kriuger (reference 51) have determined re-
flection coefficients for sound directed perpendicular to
the surface tested. Their results are summarized below: oo

Terrain Reflection coefficient -
in percent

Ice 100 .

Water . 93 - T T s
Megdow 46 T —m
Forest ' 19~46 Ce—— —

The worst terrain from the standpoint of the sonic altim-
eter 1s certainly a forest. It is probable that the sound
frequency used will influence the absorption cosfficient.

As in optics, waves having wave lengths comparable to or
greater than the size of obstacles they mest, eamasily bend .
around these objects. A low~frequency sound'directod tow- -
ward the top of & forest would be expected to penetrate
farther into the trees assuming squal absorption co=
efficionts per unit of depﬁﬁ would be more strongly ab-
sorbed than sound at a higheT frequemncy. A&n effect which
night possibly be more important is that the increased
penetration at low fregquencies would result in an indefi-
nite path length with an acconpanying decrease in scho’ in-
tensity‘at any ingtant but an increase in duration.,

The foregoing discussion shows that transmission
losses along the sound path in acoustic soundings will
vary fron a ninimum value due to the direct absorption
losses which account for about 1/2 db per hundred fest
of path length at 3,000 cycles per second to a higher ¥aluse
which includes not only this attenuation but a further 7 =
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db (multiplying factor of 1/5) due to losses at the ground
surface. In addition to these effects there are further
reductions in intensity due to atmospheric disturbances
which are indefinite but can easily amount tv another 3 to
5 db (multiplying factor of 1/2 to 1/3). Thus for a
gounding at 800 feet, transmisslon losses can be as nuch
as 20 db, which corresponds to an intensity ratlio of
1/100. This, of course, is in addition to the spreading.
losses,whlchfcausé the intonsity to fall off as the in-—
verse Bquare of the sound~path length, These rough esti~
mates show very clearly the difficulty in designing a
gonic altimeter to operate at even moderate altitudes.

SOURCES OF SOUND

Power for the signal reguired in acoustic soundings
can be derived from chemical, electrical, mechanical, or
compressed gas supplies. With the exception of the Jacquet-
Badin instrument which used a continuous sound wave moduw
lated by the echo, all the practical sonic altimeters de-
scribed up to the present time have xequired an intense
signal of very short duration. This,means that the actual
gsource of power can work continuously at a low output to
store up energy for a sudden release at the proper instant.
The selection of a power source must be determined by the
acoustic output possible from a unit of reasonable woighte.
In order to make a failr comparison, all the additional
equipment required for the sonlc altimeter must be consid~
ered, including storage and control mechanisms. Beyond
doubt the pistol sound source of Bshm is oxcellent from
the standpoint of weight provided the number of soundings
required ig not too great. However, any advantage of this
sort is nullified by the complex nature of the emitted
sound which prevents the use of an efficient recelver, In
practice. the power actually used to operate the transducer
will usually be either iw™Form of electricity or compressed
gass This is true whether the actual transducer 1s a me-
chanically excited diaphragm, an electrical loudspeaker, a
whistle, or a siren. It is possible to estimate the probw
able weighte of -the units required for energy storage in
both cases and to estimate the weight of the actual trans—
ducer, but unless the welghts of voltage changers, motoras,
air compressorg, etc., are known, no definite conclusion
can be reached. Up to the present time, the range of son-
lc altimeters with electrical sound sources has been so
low compared to that of air-driven units that there 1s a

~
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reasonable basis for assuming that this latter type has a
definite advantage in practice. On the other hand, a céome
pletely electrical sonic altimeter could be operated from
the normal aircraft power supply, and thus could afford a
consi derable welght handicap in the transducer unit as
comnared with an instrument requiring a special compressor
installation. A definite answer to the question of the
best power supply must walt for a careful design of seach
type to be worked out on the basis of a comparabls perform-
ance,

For efflcient operation of a sonic altimeter the
acoustic energy from the sound source must be so directed
that the receiver is in a region of relatively high inten~
sity when the echo returns. Any energy which is distrib-
uted over areas outside of possible receiver positions is >
no more availlable than if it were lost by absorption, .Hﬁ:a
This, leads to the neceséity of a directive sound source. ~°
So far as the free atmosphere is concerned, the actual '
emitter is either the mouth area of some typé of concentrate
ing unit or the actual surface of a diaphragm. For in any
case the directionality of the sound output will depend
upon anplitude and phase relations over the radiating sur-
faces In general, it is impossible %o calculate the inten-
sity distridbution and sound-power output from an grbitrary
source. However, the simplified case of a vibrating disk
placed in an infinite plane baffle will lead to results
sinilar to those found in practice. Appendix D outlines
the treatment presented by Morse (reference 32) for radia-
tlon from a disk., Figures 17 and 18 show intensity dis-
tributions for severel ratios of wave length to disk radi-
us. The intensity scale is arbitrary, dbut for comparable
conditions in each case. With a wave length five times
the disk radius, the intensity distribution is almost hen-
ispkherical while most of the energy is confined within a
cone of 30° half angle if the wave-length-radius ratio is
2. When the wave length is made equal to the radius the
radiation cone half angle is about 15°. This angle becomes
about 10° when the radius is twice the wave length. As
noted above, the calculated distridbutions arse not realized
in practice but the general trend of increased directional-
1ty with decreasing wave-length-radius ratio checks with
experiment. Goldman (reference 52) observed that the ac-
tual cone angle of radiation ig 1.5 to 2 times the caleu—~
lated angle. - .

The integration necessary to calculate the total sound
output from a vibrating disk is discussed in Appendix D.
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Reduced to simple terms, the relation between the dig-
placement amplitude of the disk, power output and radlus
for 3,000 cycles per second is : Ce e

Xp = 0.0203 ientimeters per watt radiated
8

(27)
Assuning that it is desired to concentrate the radi-
ation from a sonic altimeter source in a cone with a hsglf
angle of 20°, the diagrams of figure 18 show that the disk
radius should be about twice the wave length emitited.
Rice found that an output of about 85 watts was produced
by his sound source at 3,000 cycles per second. So, tak-
ing 100 watts as a reagonables output for a hypothetical
instrunent, the required disk radius will be about 23 cen=~
timeters., The disk must vidbrate with an amplitude of 0.09
centimeter, Thig corresponds to an acceleration amplltude
of about 32,000 times the acceleration of gravity. The
mechanical difficulties of imparting such an acceleration
to a rigid disk 50 centimeters in diameter, are obvious.
With thege figures in mind, it will be seen that a dia-
phragnm similar to that used by Nandillon (reference 18)
" hag serlous limltations as to the possible output.

The art of designing elements todefficlently carry
sound power from a small transducer %to the free alr, is
well developed and has been discussed by many workers (ref-
srences 53, 54, 55, 56). It is possible to make very
great 1mprovements over the freely exposed diaphragm, but
even if the necessary diaphragm acceleration could bé re=
duced by -a factor of 1,000, it wokld still be difficult to
obtain an output of lOO watts with good directionality
from a small electrically driven unit., Up to the present
tine the efforts of acoustical engineers hgve heen largely
directed toward the production of units with uniform re-—
sponge over a wide frequency range. The loudspeaker de-
scribed by Wente and Thuras is typical of the results ob-
tainable (reference 57). Their unit produced 15 watts of
gsound energy with an over-all efficiency of 50 percent.
The weight of the apparatus was about 15 pounds, which
gives an output of about 1 watt for_ each pound of welght.
It is to be noted that the loudspeaker of Wente and Thuras
was designed for a wide frequency range and given & con-
tinuous rating, so it isg certain the performance could be
greatly improved for sonic altimeter purposes by restricte—
ing the range and using an intermittent rating. Another
poseible solution of the sound-source problem liesg in the
use of an electrically driven vibrator similar to those



N.A.C.A. Technical Note No. 611 47

of automobile horns., Difficulties from a slow building
up of the sound to full intensity are to be expected for
such devices,

Pulse_length in the signal should be as short as pos—
8ible from the standpoint of interval timing. However,
best operation of a receiving system is attained when the
echo has a wellwdefined freguency over a long period. The
problems introduced because of these conflicting require-=
ments appear both in the fundamental physical theory and
in the mechanical deslign of a particular sonic altimeter.
From the physical standpoint, the concept of radiation at
a single frequency cannot be realized except in an infi-
nitely long-wave traln. The starting and stopping of the
radiation involves a spread of ‘energy over a band of fre-
gquencies which increases in width as the number of cycles
in the pulse decreases. The derivation of the relation
between intensity and wave length 1s outlined in Appendix
E. Figure 19 shows the corresponding plots for number of
cycles between 1 and 32, TFor a pulse consisting of a sin-
gle cycle, the energy is distributed from very low frequen—
cies to a high frequency limit which is almost twice the
frequency of the original pulse. The energy becomes more
concentrated toward the pulse frequency as the number of
cycles is increased, until with a pulse length of 16 cy-
cles, the energy is spread over a range which extends less
than 5 percent on elther side of the pulse fregquency. The
plot shows that any sonic altimeter signal should contain
at least 16 cycles if the receiver is to be sharply tuncd
and that there is a comparatively small percentage g8ln in
intensity by going to larger numbers of cycles. This con-
clusion agrecs with the results found by experiment in
that actual sonic altimeters have used frequencles between
1,500 and 3,500 cycles per second with a pulse duration of
about 0.0l seconde.

Air-driven gound sources such as whistles and sirens
have a definite advantage over units which use diaphragms
since there are no mechanical parts to be vidbrated at sound
frequency. The mechanical limitations are thus reduced
but the losses which accompany high sound intensitles are
8till present. The problem of directional emisslion from
alr—~driven sources is not susceptible %o mathematics dut
the general principles with regard to the influence of the
wave-length-radius ratio will still be valid as applied %o
the horn opening. It will certainly be necessary to test .
each combination of transducer (in this case the whistls,
siren, or other device for producing sound from the energy
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of compressed alr) and coupling element (horn, megaphone,
parabolic reflector, etc.) under the actual service condi-
tlons This ,could be done by making a fullwscale model of
the aircraft parts near the sound source and carrying out
intensity measurements with the cone of sound directed up-—
ward to avoid interference effects from ground objects.

It seems reasonable to direct the beam of sound forward
toward position of the receiver when it is excited by the
echo and %o eliminate the-useless side parts of the sound
cone by proper shaping of the horn used to couple the
transducer to the atmosphere. Such a design will entail
little extra labor egince the details must depend on ox-
periment in any case.,

Rice (reference 13) has given the only available
quantitative data on the performance of whistles as sound
sourcég for acoustic sounding purposes. He found that a
freely exposed whistle transformed about 5 percent of the
input energy into sound while under similar conditions
tho efficiency of—a siren was only about 1/10 of this
amount. The total output from a whistle which gave 152
watts in free air was reduced to 86 watts when 1t was
placed in a directive megaphone. In contradictidn to
Rice!s conclusion that the siren is inferior to the whisg~
tle, is the fact that the best developed sonic altimeters
use sirens as the sound source at the present time. It
may be that the siren is well adapted to use with a di-
rective horn and that Rice would have obtained better com-
parative results from this device if his tests had been
cerried out with a megaphone instead of in free air. In
any case a quantitative performance investigation for
various types of gir~driven sound sources in combination
with directive elements specially designed for the sonic
altimeter would be of great assistance in future work.

MICROPHONES

Microphones act as transducing elements to change
acoustic energy into electrical energy. Such a device is
an essential part of every sonic altimeter except those
instruments using aural detection. Microphones are of two
general types - the carbon-powder type and the generator
type. Carbon-powder microphones are ruled out for sonic
altimebter purposes by their extreme sensitivity to mechan-
ical disturbance (roference 19)., The generator micro-
phonos wWhiah are commercially available, can be clagsified
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as electrostatic, electromagnetic, and piezoelectric or

erystal types. The electromagnetic units can be sudbdl-

vided into moving iron (the inverse of the common tele~

phone receiver), moving coil, and ridbbon types. A4 good

criterion of performance for microphones is the voltage

delivered to the grid of the firgt ampllfier tube for one

bar sound pressure on the unit. The tabulation below -
shows representativse sensitlvities for the various types

of microphones: .
Type 'Millivolts per bar References o
Moving coill 10 ' 58 and 5§ B
Condenser 3 58 — ) )
Ribhon 1. _ 60
Piezoelsctric \0,1 : 58

The microphone used by Delsasso (reference 26) is a spe-

cial type which cannot loglcally be fitted into  -the above

classification. ' His unit had a satisfactory sencitivity

and selectivity for operation on a lighter—than—air eraft

but was not tested on an airplane. '—f'_—-“— -
In addition to the sensitivity, the threshold (mini-

munm sound pressure for a definite indication) is also use~

ful. This limit is set by uncontrollable erratic effects

in the amplifiers and can be safely taken as 10 microvolts

for pure tones. On this basis the thresholds for various

types of microphones become: S ——

Iype Threshold in bars

Moviné coil 0.001 -
Condenser : . 2003 o

Ribbon - .01 _
Piezoelectric .1

It is to be noted that the moving-coil microphone was the
only one of this group fitted with an acoustic coupling
network so that the thresholds for the other types would
probably be increased if proper coupling systems were used.
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For purposes of comparlson it can be noted that the thresh-
old pressure for the average human ear 1s 0,0005 bar.

Thus the ear can detect a sound pressure about half of that
required for the most sensitive microphone on the basis
adopted above.

When the high noise level existing about an airplane
in flight is considered, it is obvious that thrsshold
pressure i1g not the limiting feature of nicrophones for
acoustic soundings. The important properties are insensi-,
tivity to shock and vibration with an ability to select a
pure tone echo out of a high intensity background of noise.
The electromagnetic type of microphone is probably best
from the standpoint of ruggedness and the ability to tune
out undegired sounds.

MICROPHONE COUPLING SYSTEM

Sonio~altimeter experiments have uniformly demonstrat~
ed that the altitude at which reliable echoes can be detect—
ed incrcases very greatly when the aircraft nolse is re-
duced in any way. This,definitely proves that the range
e linited by the ratio of signal intensity to noise inter-
ference rather than by the absolute intensity of the echo.
It therefore becomes important to determine the intensity
distribution with frequency of noige from various sources
on the aircraft. This problem has been studied by many in-
vestigators (references 61, 62, 63, 64, 65, 66, 67, and 26).
The essential result of these experiments for gonic altim-
eter purposes 1s that intensities for freguencies over
1,500 cycles per second are relatively low. Since a micro-
phone gensitive to frequencies lower than 1,500 cycles per
second would continually receive excitations from the air-
craft itself, a very high intensity would be required be-
fore the sounding signal could be detected, This, effectu~
ally prevents the use of such low frequencies and requires
that the source emit a signal at & high frequency where the
intensity of aircraft noise is relatively low.

Horng as applied to microphones are usually for the
purpose of increasing the sensitivity by collection of
sound energy from a larger area, In the sonic altimeter
cage, the problem is one of selectivity rather than sensi-
tivity. Thus the coupling element should be chosen on the
basis of its directional properties rather than its power
to collect more energy from the atmosphere. The same gen—
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eral principles apply in studying receiving horns as in
the case of sound sources. Many different shapes of sound
collectors have been studied. DParabolic horns are gquite
directional and amplify the sound pressures five or six
times at frequencies between 1,000 and 3,000 cycles pser
gecond (roferences 68 and 69). Exponential horns gilve
more amplification but the directional offects are not so
wvoll defined, ospecially at low frequencies (reference 70) .
This is & geneoral characteristic of all types of horns L
80 tﬁat the ability to collect sound energy fron one di-
rection while disregarding sound from other directlons,
cannot be reliecd upon to glve freeddém from interference
due to low freguency sounds produced by the aircraft. As
in the case of sending horns, the best design must be de-~
ternined by experiments made under actual operating con-
ditions. It is probable that conical and parabolic horns
will be preferable to exponential horns.

FILTERS

Filters are required in the receiving system of a
sonic altimeter since it is impossible to eliminate low—
frequency sounds by nmeans of directional horns. There is,
of course, the posgibility of using a very selective mi- .
crophone diaphragm dut this expedient could easily give
trouble due to Doppler effects or slight changes in_ the
source freguency. In sddition, a sharply tuned mechanical ~
systom is easily excited at its own nabtural frequency by
shocks. Inmproper operation from these natural frequency
effects must be prevented by the use of olectrical filtors.
It follows thnt a practical sonic altimeter system will
almost certainly incorporate some type of filter.

Acoustic filters have been analyzed by many investi-
gators and the fundamental principles are well known (ref-
erences 71, 72, 73, and 74). The theory of electrical
filters is also well worked out and is available in o con-
cise form (reference 75). )

In general, filters can be designed td have any de-
sired characteristic. However, there is one unfortunate

characteristic in common for all filtering syatems That - - 17

ig, the time constant of the filter becones longef’as the
pass band of frequencies is made smaller, Thus, if the ~
pasa band is too narrow, the tine constant may become 8o
long that a short pulse applied to the input will appear
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greatly reduced at the output terminale of the filter.
Thig problem will probably not become serious for sonic:
altineter work since the frequencies to be eliminated are
lower than the signal frequency and a high pass-dand type
of filter can be used.

DISCUSSION AND CONGLUSIONS

Various factore which are inportant in the problem of
acoustic soundings, have been considered above. It has
been shown that a well-designed modern chronoscope will in-
troduce mo appreciable errorg in the indications of a son-
ic altinmeter. Sinilarly, nicrophone sgonsitivity is not an
inportant factor in sonic altineter performance. The nost
inportant limitation is the intensity of sound due to the
alreraft which cannot be separated from the echo by means-
of a filter system. This residusl sound intensity fron
aircraft noise determinesg the absolute magnitude of the
sound pregsure required for reliable acoustic soundings.
This nminimum sound pressure will vary from ailrcraft to
alrcraft but once it is deternined for a particular case,
the operating range of a sonic altimeter deponds only upon
the power and intensity distribution of the sound sourco.
With these factors mado definite, approxinate operating
linits for a sonic altineter can be deternined.

The greatest altitude will be obtained with gtill air
over a surface such as ice or gmooth water. which gives
perfect specular reflection, The other 1linit of the oper-
ating range will occur over strongly absorbing terrain
such as o forest when violent atnospheric disturbances ex—
1sts It is of interest to estimate these operating ex-
tremes approximately in order %o determine the goeneral
possibilities of the sonig gltineter, and also to see how
closely the instruments which have already been construct-
ed\-approach the thooretical linmits.

The assunptions required for estimating ranges of op=
eration are approxinate since exact data are lacking.
However, the data used in the calculations will be con-
sistent with the information now available. Rice (refer-
ence 13) found it pogsibile to construct a vhistle and neg-
aphone conbination which confined the sound radiation
within a cone or half angle equal to about 20°., Rice also
determined that under cruiging conditions the human ear
with a proper megaphone and filter gystem could identify
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an echo with a sound pressure of 2 bars at 3,000 cycles

per second. This,should be approxinately the sane asg the
Pressure requlred‘by a good nicrophone systen under the
sane conditions, The data of Knudsen (reference 44) show
that atmospheric absorption in gtill air produces an atten-
uwation of db per 100 feet of sound path. Upon the basis
of qualitative information given by Delsasso and others,

it is reasonable to assume that the attenuation due to vi-
olent atnospheric disturbances nay Increase to 2 d4b per.
100 feet of path. Eisner .and Kruger (reference 51) give

a reflection coefficlent of about 0.2 for the worst condi-
tion of &a forest surface. (This,gorresponds to a reduce
tion in intensity of 7 db.) )

The Hiddle column of the table below contains a Tangé
of assuned power outputs for the sound source of o sonic
altineter which confines tho energy to a cone of 20° half
tngle. The left-hand column gilves the estinmated linit of
operation for a requirement of 2 bars sound pressure at
the receiver if the roflection is specular with no absorp-
tion and the attenuation is % db per 100 feet of sounnd
path, This.repregsents the best nossible opeggﬁi%g condi=""
tion for the glven gound pressure. The right< and colunn
is calculated in o sinilar nanner except that the attenu—
ation is taken as 2 db per 100 feet of sound path and
the reflection coefficient at the ground is 0.2, which
approaches the worst operation condition,

Maxinun altitude Power Maxinum altitude Begt altituds
(best condition) (worst condition) Worst altitude

foet watts feoot
500 10 175 : 2.9
650 25 225 2.9
780 50 265 o 2.9
935 100 300 | 3.1
1,025 150 330 Byl
1;500 500 410 | 3.2

Thi's table nicely sunmnarizes the possibilities and
linitations of the sonic altimeter. The ratio of maxinun
altitude for best conditions to the maxinun altitude with

I'w
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worst conditions has a value of about 3 for the entire
range of power outputeg considered. With increasing power
the range increases, but much more slowly with high powsers
than for lower powers. Thus the gain in maxinun altitude
between 500 and 780 feet for a power increase from 10 to
60 watts would probably be worthwhile, but the gain fron
1,025 feet to 1,300 feet as the vower is changed fron 150
watts to 500 watts, represents a rather small percentags
increase for the added welght and conplication required.
The range of 935 feet for 100 watts power checks well with
the results of Rice who obtained an operating range of 800
feet with a power of 86 watts. The other calculated maxi-
nun altitudes for less than 150 watte power agree well
with experimental results already reported. No gquantita-
tive data are available on the power of the sound sources
used but the published descriptions indicate that the outw
puts probably fell within the raenge indicated above.

The calculations used in computing the table should
give a fairly reliable value of the maximun operating al=-
titude under the best conditions, but the attenunation fac-
tor for disturbed atmosphere ig very uncertain. A deter~
nination of this attenuation factor over a wide range of
conditions would be a valueble addition to the art of
acoustic soundings. . L.

All the values given in the table are based on a re-
guired sound pressure of 2 bars in the echo. Since any
reduction in thig required sound pressure will be reflect-
ed as a direct increase in operating altitude, 1t 1isg very
desiroble to make quantitative measurements of the sound
preossure actually required for echo detection in nmodern
aircraft., It nay be that with engines renoved fron the
fuselage and careful streanlining the sound pressure re-
guired for echa detection has been substantlially reduced.
If thie is tho case the gonic altineter will become a vory
attractive instrunent for use in routine operations.
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APPENDIX A

DESCRIPTIONS OF SONIC ALTIMETERS
Behn-Luftlot and Bshnlot

(References 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12)

t

The TITANIC disaster of 1912 started research upon
the location of lcsbergs by means of sound waves. In the
-course of these experiments it was found that the sonic
nethod could be readily asdapted to marine depth finding.
One of the leaders in this field was Dr. Alexander Behn
of Germany, whose work resulted in the Behm ECHOLOT, The
shock of an explosion served as the source of sound but
later modifications used nechanically or electrically ex=
cited diaphragns for this purpose. The obvious method of
detecting the echo by ear and timing the interval beiween
the signal and the echo with a stop watch was unsatisfac-
tory because of the short-tine intervals lnvolved. As a
consequence; Behm developed s precise chronoscops (Xurz-
zeitnesser) actuated by electrical impulses from carbon

nicrophones excited in proper sequence by the signal and
its echo. — o e

Soon after 1920, Behm started to apply the principles
of the ECHOLOT %o the problem of altitude measurement in
alrcraft, Behm's first LUPTLOT was developed in 1926 and
used in the "Graf Zeppelint i) This instrument, which was
very similar to the marins installstions, was suited to
airship use by a number of changes and was later adapted
for installation in airplanes.

The essential parts of the LUFTLOT as used for a se-
rieg of alrplane tests in 1930, are described below. The
source of sound was a pistol for firlng blank cartridges.
This unit was mounted outside the fuselage as shown in
figure 20. A carbon microphone located on the other side
of the fuselage (fig. 21) acted as the detecting element
in the receiving system., Figure 22 shows the external ap=
pearance of the indicating and control units. The desired
information was conveyed to the observer as a Sharp de~
flection of a small spot of light in passing over a trans-—
lucent screen parallel to a scale graduated directly in al-
titude units. A typical sounding is recorded photograph-
ically in figure 23, After the signal has been Teleassd
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the line produced by the light spot appears at 1, The re~
turn of the echo occurred at 2 ané the spot returns to
its normal conditlon as at 3.

Figure 24 shows diagrannatically the working parts of
the Behm LUFTLOT chronoscopes The signal is produced by
a cartridge fired from the pigtol 10Q0. Sinultansously, a
contact is broken in the circuit of the relgy 8 which
causes the reloase of an armature 1. When this arnature
ls released thoe cantilever spring 2 gives the system 7
an inpulse which causes it to rotate about an axis in the
plane of a mirror attached to the system. As 1t rotates,
the mirror reflects the focused image ofan incandescent
lamp on a translucent screen and thus produces the offect
of a line of light to an observer, This linoc of—1llght is
seon as parallel to a graduatoed altitude scale. Wken tho
echo is received by the nicrophone 9, the reed 4 of
the electromnagnetic oscilllograph 3 1is excited and noves
the snall lensg 5, Thisg notion of the lens causes a do-
flection of the bdright line as shown at 6. An autonatic
control system returns the mirror %o ite initial position
aftor each sounding,

The optical chronoscope as described adove was ap-
parently very successful in the narine depth finders but
the requirenoent of constant attention from the observer
was & dlsadvantage for ailrcraft use. Thig situation has
been sonewhat improved in a modification of the LUFTLOT
called the BEEMLOT (refcrence 8).

The later Behm instrument as described in 1935 dif~
fers principally from its predecessor in that a completely
mechanical chronoscope is used. This chronoscope does not
require direct observation by the user at the lnstant of
the echo, since & hand remalns at one reading until the
next sounding 1is started.

Figure 25 1s a diagram showing the essential parts
of the BEEMLOT. The pistol 1 is automatically fired at
fixed intervals by the electric motor 3 after the switch
4 1s closed, The microphone 2 1is so located that 1t
will be strongly acted upon by the signal. This microphone
is so connected that the vacuum-tube amplifiocr 14 con-
nected to the recciving microphone 13 will not transmit
an impulse to the chronoscope during the signal. In addl-
“tion, the microphone 2 causes the relay magnet 5 to
release the armature 6., When 6 1s released the spring
8 immediately starts the rotor 7 which carries the
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pointer 10 over the scale 11 at uniforn speed. TWhile
the rotor is nmoving the signal travels to the earth and
back as an echo over 'the path 12, When the echo strikes
the recelving microphone an electrical impulse is gener-
ated which acts on the relay magnet 16 and causes the
mechanical brake 17 +to stop the rotor. Since the posi-
tion corresponds to the lapse of a certain time interval,
the scale can be graduated directly in altitude units.
This reading will remain fixed until the user wilishes to
nake another sounding., Figure 26 is an external view of
the BEEMILOT indicator, showing that the unit can be in-
cluded on the conventional instrument board without spe-
clal adaptors.

In practice, the Behm instruments had an operating
range betwsen 20 and 100 meters. In a series of flight
tests describoed by Schreiber (reference 9), the altitude
readings were found to have a mean error of ¥3.5 meters.
The instrunonts had a weight of about 34 pounds.

Rice (General Electric) Sonic Altimeter

(References 4, 10, 11, 13, 14, 15)

. About 1929, Mr, C. W. Rice of the General Electric
Company (Schenectady, New York), started experimente that
led to a working sonic altimeter for airplanes which he

- @escribed In 1931 (reference 10). Rice lacked the back~
ground of sounding experience which had been available for
the earlier work of Behm. His instrument lacked the pre-
cise mechanical timer of the German ECHOLOT, but the source
of sound and the receiving system were found to be very
efficient in actual flight tests.

. Figure 27 shows the working parts of the Rice Sonic
Altimeter. The source of sound is a speclally designed
whistle whlch emits a note of 3,000 hertz. This whistle
1s operated by compressed gas from a supply tank at 50
pounds per square inch. The pressure inside the tank is
maintained by a check valve in a line connected to one of
the engine cylinders. TFigures 28 and 29 show an actual
installation of whistle and supply tank. A motor~driven
control mechanism is arranged to open the whistle valve
for a blast of 10 to 30 cycles once every 2 seconds. The
echo is received directly by the observer with the aid of
a palr of stethoscope earpleces connected to a megaphone.
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A properly designed acoustic filter is connected in the
line to-reduce the effect of parasite noise fron the aire
plane and its powser plant, Altitudes are estimated with
the aid of a timer whose pointer rotates at constant speed
over a scale graduated directly in distance units. The.
mechanisn is so deslgned that the polnter passes over the
scale zero when the whistle blast occurs so that the ob-
server nersly has to note the exact position of the pointe
er when the echo is heard. Since the tine intervals are
short, an accurate reading of altitude requires close at-
tention on the part of a trained observer. Thisg situation
is especially bad at low altitudes, and to remedy it a
bleoeder tube 1s connected between the whistle negaphone
and the recelving line. The bleeder enables the observer
to heor the asignal so that with a reasonable amount of
practice he can judge his altitude directly from the tine
intorval between the signal and the echo without looking
et the tiner,

An extended series of tests with the G. E. Sonic Al~
timeter installed in an Army observation airplane showed
that reliable soundings could be carried out up to 800 feet
under crulsing conditions over all types of terrain. With
the ongine throttled for gliding, the maximum operating
altltude Ilncreased to 1,400 feet. It was found possible
to make blind landings based on direct judgment of the
time interval betwoen the signal and the echo.

The original apparatus had a welght of about 45 pounds
when installeds The sending and receiving units were some-
what cumbersome but could be satisfactorily installed in
alrplanes of moderate size.

Brombacher (reference 7) notes that the G. E. Sonic
Altinetor was later modified to usoc an electricelly driven
diaphragnm as the source of sound with an electrical re-
ceiving system connected to the regular radio head sect.
This nodification was made for blind lending and has a
range of about 100 feet. No further information on these
changes ias availgble in the literature at the present tine.

Florisson (SCAM) Sonic Altineter

(References 4, 11, 16, 17, 18)

As early aw 1922, Florisson of Francexfhad obtained
good results with sonic depth finders for Tarine soundinge
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He was later especially identified with the use of supor=
sonic frequencies for this purpose. He became interested
in the sonlic altinmeter problem for airplanes and nade
flight tests on a working inetrument in December 1931,
His work roughly paralleled that of Rice in the United
States, and his installation was similar to the General
Electric apparatus.

Florisson used a conpressed-air whistle as the sourcse
of sound. ZReception was carried out by means of a sound
collector and tube system leading to earpieces for the obw-
servers DThree types of chronoscopes were designed. The
flret type used a Yfalse signall genergtor which could be
adjusted to produce a sound similar to the signal at the
ingtont vhen the echo returned. This adjustment required
e nanual setting of a control on'a scale graduated in al~
titudes The second type of chronoscope proposed to use an
optical oscillograph arrangement %o produce a light spot
traveling at uniform speed over a circular path parallsl
to an altitude scale. This spot passed through zero when
the signal occurred and a radial displacement of the spotb
indicated the return of the echo. Finally Florisson used
a pointer passing through the zero of a scale at ths in-
stant of the signal and whose position on the scale at the
instant of the echo gave the altitude directly. Léglise
(reference 18) notes that probably only the last schene
vas applied in actual flight tests.

Florisson'ls nethod of YAcoustic Goincidence" u31ng a
false signal' generator, ig illustrated in figure 320.

The source of sound e has a whistle 8 which is sup-
plied with air from a chamber G when the electronagnsetic
valve S 1is opened. 0 is connected to a compressed-alr
line.through a restriction which” pernits a sufficlent sup-
ply %o accunulate between soundings but will not operate
the whistle directly. This arrangenent gives a sharply
defined whistle blast since the sound nust stop when the
chanber C has been emptied. The echo is picked up by
the horn r and is carrled to the sarpieces by a sound-~
insulated tube T, A sound filter F placed in this line
serves to reduco the effect of parasite noise. The sound
tube is branched at b and the branch is connected to the
electrical '"false signal' generator B R 1is an adjusta-
ble construction,vwhich makes it possible to adjust the
Ufalse signal® fﬁtenslty to the best operating level, An
electromagnetically operated valve S! in the sound line
is designed to reduce the disturbance due to direct transe
nlssion of sound from the emitter to the receiver.
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The automatic-control mechanism has a clockwork opor—
ated can 4 rotating in the sense shown in figure 30. 4
fixed contact 1 18 closed momentarily when the indenta-
tion 3 passes under the follower gpring 2. This con-
tact allows current from the battery B to flow through
the exciting magnets of the valves S and S', thus pro-
ducing the signal and sinultaneously excluding it from the
gound tube during the tine of emission. The arm 5 car-
ries contacts 6 which close and produce the false echo
when the indentation 3 passes under the spring 7. When
the operator has completed the adjustment tu bring the
falee echo into coincidence with the echo, the correspond-
ing altitude 1g indicated by the vpolinter 8.

Details of the valve used to release the signal are
indicated in figure 31, When the control contact 1 of
figure 30 is closed, the winding around the pole plece 9
is energized and attracts the armature 10 which displaces
the slide valve 16 the distance a by neans ef the rods
11 and 15 acting through the pin 14 and the yoke 13.
This action nmoves the slide from position I to poeition
II, so that air pressure in the chamber € suddenly
forces the valve completely open to position III against
the spring 12, When the air pressure has been released
through the whistle this spring sends the slide back to
its original position . I in preparation for the next signale

A point particularly mentioned by Florisson in connecs-
tion with his apparatus, was the use of light coverings »p
and p! over the cmitter and receiver, wvhich presorved
the shape of the aircraft surface and prevented sound dis-
turbances due to air rushing past the horn openings.

The essentials of the oscillographic chronoscope pro=-
posed by Florisson are shown in figure 32. This apparatus
lg designed for use with the sending and recelving systen
nlready described up to the point where a nicrophone 1s
substituted for a hunan ear as the sensitive element. The
echo acting upon the nicrophone produces an output which
isg passed through an electrical filter F,; to reduce par-
asite disturbances and an anplifier a. The output of the
anplifier 1s connected to an osclllograph element 8 by
neans of the slip rings 13 and 14, This oscillograph
rotates at constant speed on the same shaft as the control
can, The oscillograph nirror is illuminated from an in-
candescent lamp 12 through the stop 11, the lens 10,
and the totally reflecting prism 9. After the mirror 7
a prisn 5. carried on a rotating arm, directs the light
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spot onto a translucent screen with a circular graduation
in gltitude. The nirrors are so phased that the light

spot passes through zero when the signal is released. With
this arrangenent a sufflciently strong echo will cause a
"jog" in the otherwise smooth circular line of light ap~—
pearing to the observer and thus indicate the altitude
reading. )

The schene actually used in the Florisson~SCAM sonic
altineter is identical with that described in connection
with the Rice~G.E. Sonic Altimeber. An oxposition of the
particular epparatus has already becn given in the body of
this reporte Figure 33 shows the appcarance of the indi-
cating unit, while figure 34 indicates tho essential fea=
tures of an actual airplanec installation.

Actual flight tests showed that the offective alti-
tude range of the Florisson-SCaM instrunment is about 150
neters under cruising conditions and about twice this with
the ongines throttlod. Soundings could be carried on down
to 5 or 10 netors about the ground. The &ltimoter itself
had a welght of 8.7 kilograms, while the conprossor and
sccessorics added 5.4 kilograns.

Dubols~Laboureur Sonic Altinmeter

(Referonces 4, 11, 18, 19, 20, 21, 22, 23, 24)

Dubols and Laboureur of France designed a sonic altime
eter for aircraft in 1931, and made flight tests in July
1932, with a vibrating membrane emitter. They have partic-
ularly directed their efforts toward the development of
compressed-alr sound gources and electrical chronoscopes.

Dubois and ILaboureur used both whistles and sirens as
emitters. The whistles were similar to those already dige
cussed except for the control wvalve,which was identical
with that used on the siren to be described. Details of
the siren are indicated in figure 35. Compressed air is
supplicd from & tube at X (upper)e 4 sound blast is pro-—
duced by the rapid movemoent of the piston valve T from
one ond to the other of the eylinder €. The conducting.
sections a and b separated by an ingulating piece, are
so located with respect to. the brushes d, that a chron-
oscope circult is broken .during the emission time of tho
siren. A control system not shown in the figure operates
the piston valve at automatically spaced intervals.
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The disk D 1is rotated at constant speed by a gover-
nor-regulated olectric motor. A sories of eoqually spaced
holes o, 1in the periphery of this disk comes successive-
ly into coincidence with the hole 0! 1in the casging B.
The motor runs at a speed of . .3,000 r.p.ms., which gives a.
frequency of 1,500 cycles per second. The passages o, o
are oblique to the axis of the disk in order that the drag
torque due to the air flow will be balanced out dby an equal
driving torque. This feature makes 1t possible to reduce
the power required for the siren motor.

Dubois and Laboureur found that electromagnetic micro-
phones were well suited for use in aircraft since both the
resonance frequency and damping are controllable, The mi~
crophone characteristice were so chosen that the emitter
frequency was located within the resonance range of the mie
crophone but was well away from the peak. This arrangement
gave the advantage of increased sensgitivity dbut made it pog-
sible to filter out natural frequency disturbances of the
microphone excited by shock. ZFigure 36 is & cross sectlon
of a microphone used by Dubois and Laboureur. A properly
tuned dlaphragm M clamped between annular damping rings
of rubber is held at the proper distance from the pole
pieces pe. The pole pieces are excited dy the permanent
magnet A and carry the picke-up coils b. A clamp nut E
makes it possible to control the gensitivity of the Micro-
phone by sadjustment of the alr gap.

Figuroc 37 is a circult diagram of the Dubois-ILaboureur
electrical chronoscope. Fundamentally, the ingtrument
measures the voltage developed across the plates of a con-
denser which is charged from a constant potential source
through a fixed resistance during the time between a signal
and the corresponding echo, Thse constant potential is ob-
tained by the use of a voltage-regulating neon tube N
end a resistance across the bettery P. ‘A potentiometer
tap from thig resistance is in series with a second neon
tube N,, a resistance r and the primary of a transform-
er T,. The circuit im parallel with r includes a Te-
sistance p which can be varied with a tap swvitch, a flxed
condenser C, ~and the grid cathode of a vacuum tube.

The function of the tube N, 1is that of a relay. This
tube has the characteristic of becoming an eslectrical con-
ductor when the voltage across its terminal exceeds a cer=
tain amount. The discharge is maintained until the termi~
nal voltage becomes less than gome lower limif. In the
chronoscope circuit the constant volbtage applied to N, 1s
between the breakdown and the extinction values.
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When a signal is sent out the valve motion breaks the
circult between the contacts 4 while the insulation 1
is passing. This momentary break in the current from the
battery ‘P, causes the relay S to closs contacts p

and p! and also includes a momentary pulse of voltage in
the secondary of transformer T,. The contacts p com-

vletely discharge the condenser C while the contacts p?
short circuit the microphone during the emission period.
The additional voltage &pplied to N, by the secondary
transformer T; is sufficient %o break down the tube and

start a constant current flowing in the resistance r.
'This current 1s in the proper direction to make the vacuum
tube grid positive with respect to the cathode. With a
voltage drop across r the condenser 0 1is charged
through the resistance p eand the vacuum tube which con-
ducts when the grid is positive. The primary of the trane-
former T 1is comnnscted to the microphoné through another
transformer and a filter (not shown), so that when the
echo returns a voltage is induced in the secondary. This
voltage is rectified by a copper-oxide unit and =zects
through the condenser C; +to extinguish the relay tube
N3+ Then this occurs the voltage drop across r disap=-
pears and the charge sequired by the condenser ¢ remalins
constant since the vacuum-tubs resistance becomes practl-
cally infinite to a reversal of current in the condenser
circult, TUnder this condition the grid L is maintained
negative with respect to the cathode by an amount equal %o
the charge on the condenser G, This grid voltage deter~

uum tube as measured by tho mpter M. T

The net result of the actions outlined in the last
paragraph is that the regding of the plate-circuit meter
after the return of an echo is a measure of the time inter-
val between the signal and the echo. When the condenser
C is discharged the plate current has the value corre-
sponding %o zero grid, i.e., to & zero~time interval. This
current is larger than that for any negdative grid bdblas, so
a calibration of the plate meter in altitude will necessa-
rily be "backward" with respect to the current scale. The
rate at which the condenser charges for a glven voltage
across r will be slower as the size of the Tesistance p
is lncreased, It follows that the altitude scale can be
controlled by a simple change iIn p.

The instrumont actually constructed had three adjust-
nents corresponding to three positions of a control button.
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The first position corresponded to a full-scale altitude
of 250 meters.s In the second position the sensitivity re-
nained unchanged but by a specisal circult arrangement, the
indicating hand did not return to zero between soundlng,.
The third control position increased the sensitivity to 90
nmeters for a fullwscale reading. Soundings wero repeated
every 2 soconds on the high-altitude scale, and every 0.7
second on the low-altitude scale.

With the circuilt described above, the necessary dige-
charge of the condenser before each sounding caused a
corresponding return of the indicator hand to the zero al~
titude reading. This action was especially objectionable
for high readings. This defect was overcoms by means of
an auxiliary circuit., Figure 38 shows this arrangement.
A' condenser ¢ 1is connected in parallel with the chrono~
gcope condenser ( of figure 37. 4 cam-controlled con-
tact is connected at k and operates to keep the circuit
open except for an instant before C is discharged for a
new sounding. The auxiliary condenser is made so small
that its charging current does not appreciably affect the
operation of the chronoscope as already described. In
this manner the voltage across the small condenser always
has the value corresponding to the last echo time, so that
meters placed in the plate circuit of a vacuum tube L!?
can be used for altitude indications. Since the change in
grid voltage of this tube between soundings is just the
change in the maximum voltage across the large condenser,
the lndications will show only the small variations caused
by actusl.changes in altitude.

Flight tests of the Dubois-Laboureur Sonic Altimeter
showed that the meter will operate properly from 6 meters
to 300 meters when used over water. Over land the range
was reduced by an amount depending upon the nature of the
ground surface, but an echo was generally obtained at a
greater altitude than 100 meters for any condition. Read-
ings could be made with an uncertainty of 0.5 meter up *to
20 meters, 1 meter between 20 and 50_meters, and 10 meters
for higher altitudes. Figure 39 is a photograph of the
indicator.

The actual sonic altimeter apparatus had a welght of
18 to 19 kilograms without the compressor, which added
4.5 kilogramg. Woight of tubes, wiring, and fittings de=
pended upon the particular installation.

Although the apparatus of Dubois and Laboureur de-~
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seribed above, is particularly interesting on account of
the electrical chronoscope, o description of the CEMA in-
strument made under their patents uses g magnetle—-clutch
chronoscopes This information is ,contained in an adver-
tising pamphlet of Constructions Electro- Mecaniques
d'Asnisres of 236 Avenue d'Augenteuil, Asnieres (Seine),
France. PFigure 40, taken from thls source, shows the re-
celver at the 1eft, and the siren emitter at the right.
These units ares apparently similar to those described in
the literature. Figure 41 is a view of the amplifier and
chronogcope circuit,

Figure 42 ghows the front of the indicating unit. No
diagram of the working parts is available but the opera-
tion is described as follows: - :

"The chronoscope is & small motor running a} a
rigorously constant speed which after reduction |
turns a shaft at the rate of one reVOlution in 1.4
seconds. This shaft carries an electromagnet which
pulls down an armature when it is excited. This
arnature presses upon a heart~shaped cam which must
thon talke a definite position with respect to the
armature. On each revolution of the slow=turning
shaft a contact is closed which causes the emission
of the signgl (this contact acets when the eleciro-
nagnet passes by the zero point of the scale). When
the echo is received the electromagnet and the arma-
ture have moved through a certain angle with respect
to the moment of the emission. The excitation of the
electromagnet by the echo pulls down the armature
which strikes the cam. The cam then takes a definite
position with respect to the armature.

"A hand rigidly connected to the cam indicates
the angle moved through by the magnet between the
enisslon of the signal and the echo, i.e., the height
of the airplane with respect to the ground."

Flgure 43 shows a typical installation of the Dubois~
Laboureur sonic altimeter in a large airplane. C

The welght of the CEMA apparatus is given as 12.3 kil-
ograms, exclusive of the air supply. . This air supply must
be capable of furnisghing 20 liters per ninute of free alr
at & pressure of about 10 atmospheres.



66 NeAtC.A. Technical Note No. 611

Nendillon Sonic Altimeter

(Referonces 11, 18)

e Ae Nandillon developed a sonic altimeter using
electromagnetic units for both emission and reception with
an oscillograph as the indicator, and applied for & French
patent on the driving olements of the apparatus in 1928,
Léglise (reference 18) notes that the investigation was,
carried out in secret and therefore the avallable infore
mation reveals only the general nature of the equipment.

Figuro 44 shows one type of emitter used by Nandillon.
A double diaphragm is formed of two disks 5 soparated by
a round central spacing and strengthening plate 11
through which the clamping screws 9 ©pass. Thig diaphragm,
is mountod on a backing chamber 3 by moans of an annular
clamp ring and scrows. The chambor has cast reinforcing
ridbs for stiffness. Both the diaphragm and chamber are of
light metal,

A vibromotor V, clamped to the center of the dia-
phragm by the screws 9, hasg two masses 7 and 10,
which are connected together by elastic elements 6 so
that the masgses can move in a direction perpendicular to
the diaphragm. The mass 10 1ig reinforced with fins =n
to prevent elagtic deformations dbut is supported entirely
from the diaphragm. Both masses carry laminated pole elo-
ments which serve as the magnetic circuit. Tho magnetic
excltation i1s produced by windings placed on the pole
pleces carried by mass 7. When the windings carry only
an alternating current of frequency £, the corresgponding
magnetic flux produces an alternating force tending to
pull the nasses togother twice each cycle of the current,.
When sufficiently large dirsct current is superimposed on
the alternating curront the magnetic flux is never ro-
duced to zero and the frequenecy becomos f ingtead of 2f,

Nandillon apparently relies on the inertia effect of
the mass 10 %o get the diaphragm into motion. From the
description given it appears that the motion of nass 10
would be considerably greater than the more heavily loaded
mass 7 YDbelow the lowest natural frequency of the system.
The arrangement ig a slightly damped vibrating syston with
2° of freedom and will thereforo display the complicated
behavior characteristic of such a systen if the forcing
frequoncy is varied. No informatlion is given as to the re~
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lation between the oporating fregquency (3,500 cycles per
second) and the natural frequencies of the various parts.
The diagrams at the upper right of figure 44 are cited as
showlng the possibility of gaining directionality in %the
enitted signal by using a frequency which gives one nodal
circle NN in the diaphragm. It is noted that the corre-
sponding wave length is about half the diameter of the di-
aphragn for this case. This results in a small-size dio~
phragn for the emitter. However, in practice, the power
available from a single unit is rather small for sonile
altimeter purposes.

The dilagram at the lower right of figure 44 shows the
method of mounting the emitter in the surface of the wing.
13 by means of a rubber ring 12. This arrangement elimw
inates the effect of parasite vibrations on the apparatuse

For his receiving element, Nondillon used a unit sime
ilar to the emitter but somewhat smaller. XNo mention is
made of the frequency chosen or the provisions made for
tuning the roceiver to the signal frequency. Figure 45
shawrs a genecral circuit diagram of the Nandillon altimeter,
The emitter already described is a btransformor cdupled to
a vacuum-tube oscillator vwhich is excited when a contact
26 1s closed in ‘tho control timer and chronoscope. The
signal is received and acts on the magnetic oscillograph
element M.0. after passing througzh a vaculll~tube ampli-
fier.

Details of the indicating chronoscope are shown in
the diaggram of figure 46. A constant-speed motor drives
the shaft A through a gearshift 14 which makes it pos-
sible to vary the interval between soundings as the altiw
tude chonges. The gearshift is controlled by o shaft &
which passes inside A and carrief an index 1 <for chang-
ing ond indicating the setting of the interval. '

The shaft A4 carries a rotating assembly S which
supports the electromagnetic oscillograph M.0. and the
illuminating system. 4 counterweight ¢ is placed on the
opposite side of S. As this assenbly turns the motion is
indicated by the rotation of the index I which is solidly
connected to A, I is supported in the housing 19 which
has a circular translucent scale 21, ) '_

The illuminating system is carried by the tube 17
and consistsg of o lens 16 which focuses the light of a
small lamp 15 on a small hole 18 which acts as a brilw



68 N.A.C.A, Technical Note No. 611

liant point source, The moving element 22 of the mag-
netic oscillograph carries a shutter 20, which ig nor-
nally interposed between the source and the translucent
circle. .

A projection 25 golidly connected to S sets off
the sound signal vhen 1t momentarily closes the contact
26 on each one of its passages. 25 and 18 are located
on the opposite ends of a diameter so that the light source
is opposite the scale zero when the signal occurs.

An insulating drum 24 fitted with slip rings makes
contact with the statlonary brushes 23 and supplies the
necessary electrical connections to the moving systen.

When an echo reaches the receiver a pulse of current
from the amplifier excites the oscillograph and moves the
shutter 20. When the shutter is displaced a spot of
light appears on the translucent scale opposite the alti-
tude rosding., It is noted that the length of the sound
pulsoc decreascs as the speocd of the moving system is in-
creansed so that a propor compoasation is autonatically
nade to koop the same preocision at all altitudes.

No tests of the Nandillon Sonic Altimetor are described
and no wolght information is given.

Jacquot-Badin Sonic Altineter

(Roforencos 4, 11, 18, 25) ’

Jacquot and Badin have doveloped a sonic altinmoter
ospocially adapted for landing purposes., The emitter of
their instrument sends out & train ofsound waves which is
automatically stopped when the first part of the echo
reaches tho roceivor, remains silent as long asg tho re=
ceivor 1s excited, and begins a new signal when the las?t
of the returning wave train is past. This action results
in 100-percent modulation of a continuous wave at a frew
quoncy of modulation which depends upon the altitude. A
nmeter designed to measure this modulation frequency acts
ag the indicating unit. -

Figure 47 is a photograph of tho Jacquet=Badin Sonic
Altimeters The left—=hand unit contains the electromag-
notiec enmitter and the olcctromagnetic-microphone roccivor;
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the frequoncy neter indicator is in the middle; tho oscile
lator and amplifior unit is at the right. The ountfit is
ontirely elecctrical and can be operated from the usual
airplane battory power supply.

A cross soctlon of theo onmitter and roceivor unit is
shoyn 1n figure 48. M 1g a powerful electromagnetic
driving unit vwhich feeds into an exponential horn made of
acoustic lnsulating naterials, The electromagnetic micro-
phone m i1s connected to an exponentlsl horn lined with
sound~absorbing material which acts as an acoustic filter.
The entire assendly is carried by a supporting member S,
The recelving horn can be moved parallsl to its axis in
order to find the besgt position for reducing direct transg-
fer of the signal to the receiver.

The frequoncy neter circuit proposed by Jacquet and
Badln is shown in figure 49. The relay R 1is connected .
to the omitter in such & nanner that the contacts C?' are
closed during each period of silence., When C!' 1s closed,
current fron the battery p flows in tho resistance =
and chargeg the condenser Y through the full wave coppor=—
oxide roctifier S and a large condenser ['s I' is al-
ways charged in tho sane direction on account of the reetl~
fier actions 4 high resistance volitmeter V placed across
I' mnoasures the average potential. It is stated that the
roading will be a function of frequency. EHowover, the ar-
rangenent is similer to the ordinary rectifior type of A.C.
voltueter, which is characterized by e response independ-—
ent of frequoncy over a wide range, so 1% is questionable
vhothor the circult given will fulfill its supposcd funce
tion without modifications.

The Jacquot-Badin Altineter has a, welght of 9 kilo-
grans, and is graduated up to 20 nmetors altitude. No data
on actuel flight tests have been given.

Delsasso Sonic Altimeter

(Roeferences 4, 10, 26)

Delsasso of the University of Callfornia and the
California Institute of Technology reported in 1934 the
results of a sonic-altinecter investigation. He produced
an experinontasl instrument which was tested both on the «
ground and in flights with the Goodyear alrship "Volunteer (
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This instrument uses a mechanically excited diaphragm with
a gpecial coupling horn as the gource of sound. The re-
ceiver i1g a dlaphragn tuned to the enitter fregquency which
causes a flash in a rotating neon discharge tube when set
in motion by the echo. -

Figure 50 1is a diagran of the sound enitter. The di-
aphragn l1s nachined from a solid steel ring to have a natw
ural frequency of 2,000 cycles per second. The signal is
produced by a blow from the clapper ¢ which occurs when
current through the slectromagnet E 1ig broken. Energy
lg officlently transferred to the air through the coupling
elenents shown. (Delsagso noteg that the design is sini-
lar to that used in the Bostwick loudspeaker.) ZEach sig-
nal has a duration of about 0.02 of a second.

Details of the receiver are shown in figure 51l. 4
duralunin diaphragm D, 0,001 inch thick and tuned to
2,000 cycles per second, carries a snall platinum contact
button at its mid-point. A second contact 1s pressed
againgt the first by the light platinum spring S. This
spring is tuned to a natural frequency of about 95 cycles
per second. A tubc B contains a hygroscopic materlal
which serves to keep the closed chamber above the diaphragnm
dry. The nut M 1s used to make the proper adjustment of
the spring contect. The spring will follow the diaphragm
for all low frequency sounds, but even a weak sound with
the natural frequency of the diaphragn will produce such
high accelerations that the contact is broken once each
cycle of the motion, This arrangenent gives a very effecw-
tive filtering action for parasite noisos.

The Delsasso chronoscope uses a neon discharge tube
as the indicating element. The essential parts of the
chronoscope are indicated in figure 52, The neon tube P
is carried by a disk which is rotated at constant aspeed
by an electric motor. A circular scale D Just outsilde
the path of the neon tube is graduated directly in altitude.
A cam and contact arrangement C 1is adjusted to release
the sfriker of the sending diaphragm at the instant the
neon tube passes the zero scale graduation., When the echo
returng the diaphragm T is set in motion and contact is
broken with N. Thisg action removes a short circult from
the circult containing the battery E and the resistance
R and allows the voltage E to overcoms the grid blas
battery, Eg. Tho grid of the vacuum tube ig made suffi-
clently positive to cause a discharge in the neon lanpe.
Altitude is estinmated by observing the scale position of
the lamp when it first starts to glow.
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Delsasso's experimental installation is shown in fig-
ure 53. The receiver is mounted a2t the front of the gon-
dola and the sending unit at the rear. In operatlon the
contact spring of the receiver was adjusted until the neon
lamp just failed to flicker under the alrshipl!s noise alone.

During a series of flight tests, it was found possl-
ble to measure altitudes between 4 foet and 350 feebt. A
stronger source of sound gave reosults up to 700 feet. No
date on the weight of the apparatus were given. This l1s
unimportant since the eguipment was designed %o investi-
gate the sonic altimeter problem rather than to produce
a service insbtrument. o

Echoscope

g

-
—5n

(References 27, 3%%)

Blectroacustic G.m.b.E. of Kiel, manufactures a sonlc
altimeter known as the ECHOSCOPE. This instrument was
successfully used on the German airship "Hindenburg!' and
willl bPe installed on the new airship LZ 130.

The ECHOSCOPE uses a compressed-alr siren as the
gource of sound and an electromagnetic microphone as the
-gengitive element of the receiver. The indications are
shown as deflections of a mechanical pointer on a dial of
conventional aircraft-instrument size. A great improvement
in operation over the explosion-type emltter is achieved
by selecting a siren frequency well removed from the para-
sitic noises of the airplanes. With all the sound energy
in o single frequency, it is comparatively easy %o make o
microphone and filter system sensitive to the echo dut
which will suppress extraneous sounds. The advantages of
an almost continuously reading mechanical indlcator are
obvious. - : : :

Figure 54 shows the essential parts of the ECEOSCOPE.
The indicator 1 1is connected through the central switch
3 %o a l2=-volt direct-current supply at 2. The siren 4
is supplied with air from the high-pressure tank 7. &
reducing valve 6 tholds the siren supply between 4 and
8 atmospheres. When the apparatus is not in use the valve
8 is closed to prevent leakage. The tuned eloctromagnet-
ic microphone recelver 9 1is connected to the indicator
through the amplifier 11. Figures 55 and 56 show the ex-
ternal appearance of the emitter and receiver, respectively.
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Figure 57 is a diagram showing the ossential parts
of tho ECHOSCOPE indicating system. A constant-spsed
electric notor 13 drives the shaft 3 through gears 1l
and 12. This shaft carries an electromagnet 2 which is
operated by current from the slip rings 8 and 9. 4
second electromagnet 1 is similar to 2 oexcept that 1%
does not rotates The circular disgk armature 4 1s con=
nected rigidly to the pointer 5 which moves over the al-
titude scale when 4 .rotates; the pointer and disk as-
gembly is free to move axially between the two circular
electromagnets. When the disk is held by excitation of the
electromagnet 1 the pointer will be stationary. If the
supply to 1 1g broken while 2 1is excited, the disk
will jump over to the rotating system and the pointer will
move over the scale. The various parts are so designed
that no appreciable slipping oveurs when the disk is in
contact with either magnet. There is also an arrangement
which roturng the pointer to zero after a sounding.

A sounding is started when the constant~speed siren
motor opens s valve and admits air to produce a pulse of
sound, At the same instant the starting contacts 6 and
7 are opened so that the electromagnet 1 releases the
digk 4 which is instantly pulled over to the other mag-
net and starts to rotate. This results in a uniform mow-
tion of the pointer over the graduated altitude scale un-
t1il the receiver picks up the echo and foeds a correspond-
ing alternating~current pulsge into the amplifier. In the
amplifier this pulse is rectified and magnified until 1%
1s able to operatoc a relay which momentarily breaks the
contacts 7 and 8. This action interrupts the current
supply to the rotating magnet 2 and permits the disk 4
to move back to the stationary magnet 1, thus stopping
the pointer at a scale reading corresponding to the proper
altitude.

The pointer holds this position until just before onw
other gounding, when it is automatically returned to zoro.

As shown in figure 58, two scales are provided for
the instrument: one for altitudes up to 100 meters, and a
second, for al titudes up to 500 meters. The necessary
ghift in the gear ratio within the ingtrument is made by
changing the position of the control knob. When the low=
range scale is in use, soundings are made automatically at
le5-second intervals while for the higher range this in-
terval is increased to 7.5 seconds.
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The total welght of the ECHOSCOPE is 14.8 kilograms
with an additional 13 kilograms for a compressed-air bobt-
tle. This air supply is cepable of making 200 to 250
soundings on the low-range scale and about one-half of
this number on the high-range scale.

The manufacturers of the ECHOSCOPE report that the
instrument will give reliable results up to 1,000 feet al-
titude under favorable conditions and will continue to
indicate until the landing gear is just above the ground.
Above forests the maximum useful altitude is reduced %o
about 500 feet. At greater altitudes useful information
can still be obtained from the instrument by the use of a
palr of earphones connected to the amplifier and worn by
an observer who notes the position of the pointer when the
echo reachcs the receiver. TWhen the indicator is used
altitude readings are uncertain by about 1 foote.

APPENDIX B

EQUATIONS OF SOUND PROPAGATION

Sound theory dsals with the propagation of pressure
waves through an elastic mediume. The simplest and most
useful form deals with plane waves, i.e., disturbances
which vary only with time and distance along a single di-
rection, which will be denoted as the x-axis. Three con-
ditions must be fulfilled at each instant by the particles
in a slice dx thick, which has its equilibrium at some
position x along the axis (referonce 32), :

(1) The forco due to the instantaneous pressure dif-
"ference between the faces of a unit area of

the slice will be balanced by the inertia re~

action of material in the slice.

(2) The equation of continuity must be fulfilled,
i1ece, the material within the slice under
equilibrium conditions will remain within the
slice during any change which may occur.

§ 8ny chenes Viglis

(3) The relation between pressure and density will
obey the eguation for an adiabatic change in
a perfect gas. Thisg 1s based upon the exper-
imental fact that fluetuations in a sound wave
are so rapid that heat transfer between ad-’
jacent layers can be neglected.

U

e
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Bquating the pressure differential force across the
unit area of the slice which is dx thick at equilidrium,
gives: : o

a .
o ¢ QP
P 33 ox (
The equation of continuity is
. 3t
253 - 29
P (l + 3% Ps ( )

The adlabatic relation between pressure and density is
Y
L. (f.) (30)
P p
0 0

where P ls instantaneous density *
Py dengity at equilibrium,
P, 1instantansous pressurs
pressure at equilibrium «
¢, displacement from equilibrium
x, distance along the normal to the plane wave

LV specific heat at constant pressure
specific heat at constant volunme

Differentiating the equation of continuity with ro-
spect to x ‘end substituting S0 9 oy gﬁ gives

3P ox
a .
£t & & A (51)
3t : Po dp/ Ox
. QP .
Substituting the value of S; obtained by differontiating

the adiabatic relation gives

2 2 2
o t _ YR /LY o -t 32
at? P <po> ax2 (22)
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Now if the changes in pressure and de;sity are small
lal

compared to these gquantities themselves (——\ can be
\ol

taken as unity while equilibrium values can be used in
P/p so that

éié = o8 %t - (33)

= consbant

whore e =

Equation (33) is the ‘wollwknown wave egusiion which
expressos the condition that o disturbance 1s propagated
without changce of form at the constant velocity ¢ (refe
erence 32), VWhen the sssumption of fluctuations with a
nagligibly small ceffect on tho coefficient of 32 is not
fulfilled, the velocity varies with the intensity of the
disturbance. Practically, this means that for disturb-
ances which are to0o intense the form changes as the wgve
ig propagated. Such a wave starting wilith a simple sinus-
oidal form will be altered by the appearance of higher
harmonics as 1t moves through the medium,

In sound work it is customary to work with the instan-
taneous difference between the actual pressure P and the
equllibrium pressure P,. This difference lsg called the
excegs pressure or the sound pressure and is denoted by
Py For a sinusoldal wave form the wave egquation gives
for instantaneous displacoments and excess pressures (ref-
erence 32)

t = ¢, ein 2w (5 - —) (34)
= - cw cos 2w (% - 3 (35)
Dy gm Po w A T .
where £, is amplitude of particle displacement‘

A wave length

T, period . -
.
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n, freqguency g
w, 2mn

The particle acceleration at any point can be found
by dlfferentiating equation (34) twice with rospect %o
time to obtain -
2
IR 2 _. x t
3% £y W sin 2w (X - E) (26)

N

RELATION BETVEEN INTENSITY AND EXCESS PRESSURE

i By definition the intensity of sound in a plane wave
ls equal to the averags rate at which energy ls transw
ferred across a unit area of the wave front. Tﬁishis equal
to the sound-presgssure force acting on the unit area multi=-
plied by the particle velocity and averaged over a complete
cycle, l.e6:

T : I .
1/ ) 1 a 3¢ 3t
I == = at = = c dt 37
T/ Pi 3% T/ %o 3x 3t . (37)
° o
which gives
- , , .
I = “im . P_ (38)
2poc P,
whero by is the amplitude of-sound pressure &
m
P, root mean square value of sound pressurs _

Sound pressure is customarily measured in dynes per
square centimeter. For convenience, a unit called the bar
ls defined as 1.dyne per square centimeter. Intensity is
denoted by the symbol I and measured in watts per square
centimeter. The product Poc is usually calculated for °

P = 760 millimeters of mercury and a temperature of 20° C.,
vhich glves a numerical value of 42 in c.ges. units. TFor
this casc the relation between intensity and root moan
gsquare sound pressure is
p8
I = ————= watts por square centimeter (39)
42 x 10
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It is conveniont to compare intensitles in terms of
the logarithmic units called declibels and denoted as dbe.
By dofinition, tho difference betwoen two intensities I,
and I, 1is:

Difference in db = 10 log, Lt - (40)
Iz )

In goneral, the intonsity of gsound at a distance from

o sound. source of W watts will depend upon the area over

vhich tho sound energy is distributed and the amount of

absorption in the sound path. In sonic altimeter work, the
only important caso is that in which the sound energy is
confinecd to a morec or less definite solid angle. If this
solid angle 1s ( +the area for any distance R at which
tho source can be considered as a point becomes o

-

Ares = 0 R® (41)
For a cone of half angle A the area at R Decomes
Area = 2m R2 (1 - cos A) (42)

It fellows that the intensity at R from & source of W
watts Into a cone is

I = L — . (4B)
2mn B (1 = cos A)

In terns of W and R the sound pressure becomes

, Py ¢ W 107
p = / = (44)
2r R (1 - cos A)

P 1ls in bars e

where

W is in wattsp

R is in centimeters

If spedular reflection at the ground is assumed, the rela-
tion between the echo path Ry, and the actual altitude

hg, when the cone angle is inclined at an angle § away
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from the vertical, is (see fige 15):

2h (45)
Rg = ===
° cog §
gso that
p.c W 10° cos® &
p = oy (46)
8m by (1 = cos fB)

If h, 1is expressoed in fool and PoC s taken as 42,
equation (46) becomos

p = 134 cos § v// W (47)
hg l - cos A

APPENDIX C

REFLECTION AT THE GROUND SURFACE

Two limiting cases of rofloction at the ground can
oxiste In gpecular rofloction theo sound is roflected with,
the angle of reflection ogual to tho anglc of incidenco
and the eneorgy always confined within tho samc cone angloc,
In diffusgo refloction (reforence 13), Lanbortts Law 18 as~
sumed to hold for sound as in tho caso of optics, 1.6e:

Ip = Ip_ cos B (48)

in yhich 1t is assumed that the sound, incidont normally
on the reflecting surfaco, is reflocted back with intongi-
ty IRo at distance R, from the ground along tho nor-
mal, and with intensity IR at the same distance along &
path making an angle B8 with the normal,.

If the incident sound has intensity ID where the
cone of radiation cuts out an area A on the ground, the
total incident power is Ip A, and the total reflected
power is KIp A, vhere K is the rofloction coefficient
of the ground surface., The total reflectoed powor must
also be equal to tho intcgral of the right-hand member of
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cquation (48) over a homisphere. That is,

n/2
KIp A = J/q (IRO cos B) 2 R sin B R dB (49)
A _ |
_ a
= R I&ﬁ%
or IRO = KIph/(w Rg) - (50)
KIpd
and I = = cos - 51)
I o

If the aircreft is a distance D above thse ground,
end 1f A 1s the Half angle of the radiation cone, we

have A =17 (D tan A) If, moreover, the volocity of the

plane is small compared with the velocity of sound in air,
the portion of the sound reflected back to the plane cor—
responds to a very small value of B, and it fs a good
approximation to put cos B = 1. Then, with the above

value of A, equation (51) yields for the intensiity at
the plane, considering that at tho plane R = D,

IR = X IB tan? A (52)

For gpccular reflection from a surface with reflgc~
tion coecfficient X!, +the intensity at the planec is

D 1 . .
I, = K1 (——- I, = = K!' I 53
R 2D/ DT % D (52)

Hence the ratio of intensitios at the plane for the
two cxtrome casos is:

iRt _ kt

5 s (54)
IR 4X tan A A .
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APPENDIX D

RADIATION OF SOUND FROM A VIBRATING DISK

A vibrating disk sot in an infinite planc baffle will
radiate sound with direoctionality dopending on the dimenw
sions of the digk and the frequency of its vibrations. If
the frogquoney n corresponds to a wave length A of gound
in 2ir, and if a is the radius of the disk, the digtri-
bution of intensity in front of the baffle will be as plot-
ted in figures 17 and 18 for several values of A/a.

The mathomatical bagls for the curves of figuros 17
and 18 will bo briefly stated (refercence 32), OConsider
the surfaco S of tho disk to be composed of cloments dSe.
Lot the distance from an arbitrary point N in front of -
the baffle to an arblitrary surface clement 4S5 be called
he Let r ©bo the distancoe from N +to tho center of the
disk, and let B8 Dbe the anglo between the line or r and .
the normel to the contor of the disk.

Thon tho elomont dpy of sound prossure at point N
due to tho simple source dS is E

21l <h-i)
Po B ug 4 AT
dPi:i( 2 )e

where wun 1is the velocity amplitude of the vidbration.

(55) .

If N ig for from the disk, so that h 1s nearly .
equal to r, it ig a close approximation to pul )

omi (B- %
,,“(7\ T) ]

Po # Un
= = i — S 58
Pi /dpi i - J e a ( ) -u_

Integration gives

1
(57) -

2ﬁ1<§"% 27 cna gin 6
2 ©
pi =mlmnp, uy a m

Since at large distances the particle velocity is
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P
Zl. .the intensity dlstribution in terms of the angle 6
c
Py ' |
takes the form:
2
1 2 SN <2nn sin 9) (58)
I=%rf 0 <>\>

—%Q sin. 6

It is from this equation that the curves of figures 17 and
18 are dreown.

The function [2J; (x)/x] has the property of being
unlty for x = 0 and remaining nearly unity until =x = E T
Therefore, as long a2s A > 2mwa, the intensity distridu-~
tion is nearly independent of 8. As tho wave length be-
comos smaller than the circumferenco of the digk, the oner-
gy is conccntrated more and more along tho axisg, as shown
in figure 18, For such wvalues of A, the ecurves actually
have small subsidiary lobes, but these have not beon in-
cluded in the figures, since thoy arec not important in the
sonic oltimeter problen, _ o - - =

If W 1is the total power radiated from the disk, the
oxprossion for W (referonce 54) is: '

(pgc) (ma®) (2w n Xo)a Iy (é%é>
= ) Sl (59)
AT

where X, 1is the r.m.s. value of the displacement of the
disk. '

For low frequencies such that 7 > 12, equation (69)

approaches the form [V ol

2
4 2 L2
4 n X
7 = P, ™ a~ (4w . o) - (60)
4c -

A
For high frequencies such that 7 < 3, the bracketed

expression in equation (59) epproaches unity, so that W
ig closely represented by -

o cma® (2mn X )a
¥ o= 2 5 = (61)
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If W is in watts and all other guantities in c.g.s.
units, equations (60) and (61l) become

1 4 4 2

W= (4.64 x 107 ) a* n? x,® watts (62)

and

2

¥ o= (2.62 x 107%) a° n® 2 ® watts (63)

The latter equation corresponds, at a frequency of
3,000 eycles per gecond, to a maximum displacement

- S ='QLQ§9§ centimeters per radiated watt (64)

APPENDIX E

VARIATION OF INTENSITY WITH PULSE LENGTH

The theoretical concept of purely monochromatic radi-
ation (radlation of a single wave length) cannot be real—
ized in practice because it represents an infinitely long
wave train. The starting and stopping of the vibration
involves a spread of freqlency inversely proportional to
the length of the pulse (refoerence 32).

In general, if tho sound pressure is an arbitrary
function of the time, the Fourier integral representation

is
a

p, (t) =‘/S p(n) oF™2Y 4y (65)

iaden

The component.of the wave having frequency n has the pres—

sure amplitude equal_to_;po(n) = p(n) = p(-n).

Anplying these relations to the "pulse function':

t
rO Tor t< = EQ
|
I ty g
py(t) = P, cos (2 ng &) for - 5 <%< 5 (66)
t
0 for t > =2
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one obtains this distribution in freguency:

sin [ (ng -~ n) %5]

p_(n) = 2py (67)

If the pulse contains m cycles of.the wavse .of fre-
quoncy =n,, we may put t,= m/n,. With the further no=-

tation, v = n/n,, the intensity distribution becomes:

2p,° - )T
I(n) = m . [sin nw (1 v)] (68)
Ps C Bo 1l =-v
Py

Or, calling I, = , the intenslity of the steady

statec, we have:

I(n) 4 {sin mr (1 - v)]2

I, nog L 1 - v

(69)

This ratio is plotted as a function of v in figure
19, in which only tHe large central lobes of the curves
are displayed. '
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CONCLUSIONS

CONCLUSIONS BASED ON THE LITERATURE

1) A number of sonic altimeters have been constructe
ed which operated satisfactorily up to a maximum altitude
of approximately 800 feet under airplane cruising condi-
tions.

2) TFor gliding flight in airplanes, the maximum oper—
ating altitude will be approximately double that for cruis-
ing condltions, 1In lighter-than-air craft the maximum will
be about three times the limit for airplanes.

3) With a properly designed instrument, altitude read-
ings can be carried down to approximately 10 feet above the
ground.

4) Five distinet sonic altimeter developments have
produced comnercial instrumonts. A4 list is given on pages
88~89, with information on prices and manufacturers.

5) The best of those commoercial instruments will have
an installation welght of about 60 pounds, The maxinum use-
ful altitude will be approximately 15 fcet por pound of
welghte.

6) The rosults actually obtained justify an investigae
tion into the valuo of tho sonic altinmeter as an airecraft
instrunent in modern practice.

7) One of tho prosont~day commercisl sonic altinetoers
would boe suitable for the experimental work.

8) In case of a declsion favorablo to the sonic altim-
ctor, o continuation project could be directed toward Im-
proving the instrument on the basis of findings from the
previous tests,

THEORETICAL CONCLUSIONS

1) The lowest operating altitude of a .sonic altimeter
is determincd by the length of the sound signal and the
ability of the chronoscope to measure short-time intervals.
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2) The maxinum operating altitude of a sonic altip-
eter is determined by tae ability of the receiving systenm
to distinguish the echo from noises due to the aircraft. .

3) BExcept at very low altitudes, orrors due %o tim-
ing and to separation of the sendling and receiving sys-
tens are negligibls. L ZTun

4) ZErrors due to hunidity and temperature effects on
sound velocity are negligible except in extreme conditions.

5) Errots .due to alrcraft velocity can be neglected
cxcept at very high speeds.

6) ZErrors due to inclination of the £flight path with
respect to the ground can be neglected except in extremse
cases, . :

7} Inclination of the flight path with respect to the
ground produces a difference between ths received fre=-
quency and the emitted frequency due to the Doppler Effect.

8) Excessive sound intensities produced by the emit-
ter will be subject to abnormal attenuation due to nonlin-
earity of air as an elastic mediun.

9) A sonic altimeter signal decreases in intensity
inversely as the square of echo-path length due to spread~
ing of the energy.

10) Attenuation due to Triction in the atmosphere in-
creases rapidly with frequency. For a frequency of 3,000
cycles per second the attenuation is about % db per hune~
dred feet of path length. -

11) Atmospheric disturbances are accompanlied by er~
ratic attenuation effeetg of large magnitude. Quantita-
tive data are lacking on lossses of this type.

12) Iosses due to diffuse reflection and abgsorption
at the ground vary from zero for smooth ice to about 85
percent for forests,.

13) Sources of sound which use diaphragms as the ele=
nent for converting electrical or mechanical energy into
sound epergy are suitable for low-power emitters dbut are
handicapped by the excessive accelerations required for
high outputs,



86 NeAsC.A. Toechnical Note No., 611

14) The directional properties of a diaphragm trans-
nitter can be predictod approximately by thsory bdut the
results actually obtainod in a gilven case must be deterw
mined by experiment. Efficient use of sound power in o
sonlc altimeter requires that the gource be designed to
direct the beam toward the recelver position when the echo
is received.

15) For sghort pulses of 'sound at a constant frequen-
¢y, the amount of energy effective at the recelver in the
orlginal pulse frequency depends upon the number of cy~
cles in the pulse.s A minimum number of cycles between 15
and 30 is required to produce a good concentration of the
echo energy at the frequency of the emitter.

18) All types of standard microphones are much more
sensitive than necessary to detect the sonic altimeter
echo if aircraft nolse were absent. 4 rugged microphone
adapted to work with a filter system is best suited to the
gonic altimeter problem,

17) Since the limitlng factor in sonic altimeter per-
formence is the signal intensity required to bring the
echo above the noise level due to the airplane, the use of
a wellwdesigned filter system to eliminate aircraft inter-
ference is necessary.

18) The table below gives the estimated maximum alti-
tudes obtainable in an airplane at crulsing spesd under
the best and worst atmospheriec and ground conditions. The
calculations are based on assumptions consistent with ox-
perimental values of sound pressure reguired at the air-
plane and the known data on absorption losses.

[} . i ..
Maxinun altitude 'Power|Maximum altitude t Best altitudse
(best conditionsg): (worst conditions) . Woret altitude
feet iﬁgiigi ' fect ) .
i - ' -]
500 ) 10 | 175 ’ . 29
650 . 25 225 2¢9
780 50 265 2.9
935 100 300 3.1
1025 150 330 ' 3el

1300 500 410 32
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19) The table shows that there is a factor of about 3
to 1 between the maximum alititude obtainable under best
and worst operating conditions..

20) Comparison of values from the %table with altitudes
found experimentally shows that the instruments which have
beenr constructed achieve 2lmost the theoretical maximum
performance.,

21) The gain in maximum operating altitude for a given
increage in power falls off rapidly for outputs over 100
watts. This fact suggests the existence of an econonic
1imit to the range of a practical sonic altimeber.

P2) The performance of sonle altimeters can be im-
proved by reducing the interference effsct of alreraft
noisce

RECOMMENDATIONS

Two points should be investigated in connection with
the sonic altimeter problem.
I) Will o sonic altimeter installed in s modern aire-
plane be sufficiently useful to Justify its
welght and complication?

II) Is it possible to improve sonic altimeter performw
ance on nodern airplanes by the use of more se=
lective receiving systems? .

It is recommended that the first guestion be investi-
gated by the procedure outlined on page 22 of this rePOrt
The principal features of the suggested project aresd

1) Purchase of a commercial sonic altimeter.

2) Quantitative investigation of the performance of
this ingtrument..

8) During these tests two types of data should be
accunulated.

&) Reactions of a pilot "under the hood' to
the usefulness of a sonic altimeter in
varioug flight K situations.
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b) Quantitative records (preferably oscillow-
graphic) of variations in echo intensity
with atmospheric conditions, terrein, and
altitude,

4) A report giving results from the preceding inves-
tlgation and contalning recommendationsg to cone-
tinue or abandon sonic altimeter work,

The second general question should be investigated by
studies of the noise spectrum on representative modern air-
plenes. In this work it would be desirable to use ingtal-
lations at various locations on the alrplane which simu-
late actuanl sonic altimeter conditions.

As an additional project of great value to gonic altim-
etor design, it is rocommonded that a systematic investiliga-
tion of sound attenuation due to disturbances in the fres
atmosphere bo carried out. This work should be coordinated
with meteorologlical data. It would be desirable to outline
the project and carry out the work with the cooperation of
somec organigation interested in meteorology.

COMMERCIALLY AVAILABLE SONIC ALTIMETERS

BEEMIOT ~ Manufacturer: Behm-Echolot~Fabrik, Hardenberg-
strasse 31, Kiel, Germany. Price: RM 4,500 for
type I XI, at Kiel, exclusive of duty. Reference:
Letter from Behm-Echolot-Fabrik and advertiging re-
print from Zeitschrift Deutsche Technik, August
1935 - Behmlot zur Hohenmessung im Flugzeuge

RICE~-GENERAL ELECTRIC- Manufacturer: General Electric Cos,
1 River Rd., Schenectady, New York. No price gilven.
Service installations to date have beon on airships
only; test installations on Army airplanes. Refor—
encet Letter from G, E. and advertiging pamphlet -
Sonic Altimoter for Aircraft,.

FLORISSON-SCAM -~ Manufacturer: Sociétd de Condensation et
d'Applications Mécaniques, 42 Rue de Clichy, Paris,
France. Price: 15,400-22,000 francs. Delivery:

4 monthg., Reference: Letter from SCAM and adverw
tlging extract from La Nature, February 1, 1933 -
Une Nouvelle Sonde pour Avions. .



N.A.C.A. Technical Note No. 611 89

DUBOIS-LABOUREUR-CEMA -~ Manufacturer: Constructions
Electro-Mécaniques d!Asnikres, 236 Avenue d!Argen-~
teuil Asnibdres (Seino), France. Price: 150 livres )
sterling. Roference: Letter from CEMA and adver—
tising pamphlet -~ Le Sondeur Acoustique Aérien.

ECHOSCOPE - Manufacturer: Elecitroacustic G.medb.H., Klel,
Germany. Price: BRM 5,100, delivered in Berlin.
Delivery: 6 months. Reference: Letter from Elec-
troacustic and advertising pamphlet - Echoscops.

NOTATION

(No attempt is made to include in this list, symbols used
to mark geometrical figures or to describe'apparatus.)

Symbol
v velocity of aircraft. .
Yo calibration veloclty of aircraft.
+ time (in particular, time between signal and echo).
a distance (between sender and receiver).
c velocity of sound in alr,.
Co calibration velocity of sound in alr.
At timing error. B -
h, actual altitude of aircraft.
hy indicated altitude of =zircraft.
N ratio of specific heat at constant pressure to
specific heat at constant volume.
Rg universal gas constant.
T , absolute temperature; period of vibrétion. -;_i:
m molecular weight; as subscript, denoting maximum

values.

¢ Contigrade temperature.
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Fahrenhelt temperature.

v/c.

v, /e,

wave length from statlonary source.

wvave length from moving source as observed by
stationary observer.

c/%o = frequency of moving source as observed by

stationary observer; frequency of steady state
component of sound pulse.

frequency of source.

frequency received on aircraft.

(nR>/(ns)'

angle betweeg £light path and reflecting surface.
ingtantansouns density.

instantaneous pressure.

density at equilibrium.

pressure at equilibrium.

displacement of air from equilibrium.

P -~ P, = instantaneous sound pressure.
wave length.

frequency.

27 n

intenglty of radiation (energy/area/time).
r.m.s. value of py.

power.
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- Symbol ‘
0 solid angle. . o
) Ir, intensity of reflected sound at distance Ro
normal %o ground.
In intensity of reflected sound at distance R at
angle B %o ground.
Ip intensity of incildent sound at ground. . .
;wp distance from alreraft to ground. ‘ =
b half angle of radiation cone. | o
- X reflection coefficient for diffuse reflection.
K$ reflection coefficient for specular reflection. B
e radius of vibrating disk. L )
kj%m 'velocity anplitude of vibrating disk. . .
. Xy r.mess displacement of vibrating disk.
B N length of sound pulsse.
) B nunmnber of cycles iz pulse. .
R intensity of steady state component of pulse.
v n/no = ratio of frequency of partial component
to frequency of steady state component of pulse,
, hz cycles per second. B
i C - i
- My odmeibn A R

N . 4

Jassachusetts Institute of Technology,

Coambridge, Massachusetts, July 8,

1937,
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Plate I
SIMMARY OF 30NIC ALTIMETER DEVELOFMENTS
Froguency, Duxation
- and '
Nome Date Referencam Sourde of Hound Power Bupply Interval of Signals Echo Raseiver
ehm 1924~ 1,2,5,4,5,8,7,| Pistol Blank cartridges. '
13 %amon) 8,910,118’ ) .
(Exparimental: mechani= {Experimental: elegtro| Prequency: wide range | OCarbon miorophone ani
oally exoited Aiaphragm) | meohanical) - . Daretion: - horn.
’ . Interval: 3 mec. *
Handillon 1928= 11,18 . Armsture-oxsited Eleotricel power supply l‘raqumq.:. 8500 hm. Elaotromagnstic mioro-
. direotive diaphragm of airplane, Daration: wvaidiable phons .
withont horn. : {order of 0,006 mea.) -
Interval: manna
varisble with elt,
Rlese 1929-51 4,10,11,13,14,| Yhietle and megaphone Oompresaed gas bled ' - .
(General : 16 1 i from engina oylinder |Frequency: B00Chs. 8tethosoope eur-pieces,
Eleatria) : {Bxperimental: Aiaphragm)) and stored in tenk at |Daration: 0.0l ses, scoustio filter, and
50-100. 1bm, /Bq, 1n,, Irtterval: 8 Bec, mogaphons. :
-(Experimental: elestrial :

: . Stethomoope sar-plecen,
¥lorisson 1991~ 4,11,18,17,18 | Yhistle and conical horn, | Oompreased alr at Frequanay’ - agoustic filter, and
(8OAN} §-8 atmoapheres. Doretion: 0.05 seo, farabulin horn,

Interval: ‘1.) weo, Experimental: elsotrio
filter and amplifier)
- Comprosssd air, Reguirej Frequency: 1500 ha, Tuned elsotramagnetis -
Dubois 1932~ 4,11,18,19,20,| Siren -sid magaphoma. B0 liters per mimte of| Duration: 0,018 xea, misraphone, amplifisr,
Iaboueur ) £1,88, ,Bi .| {originel: locomotive. Ivaa pirpt 10 ateos- | Interwml: band-pass filter, and
(omi4) whistle) [Exparimental: |-phetes. 0.7 seqa, at low nlt, | megaphone, .
nmhgniua.lly axsited £.0 nec, at high alt.
, .diaphrapn _ I S e i e -
Jacguet 1g8g- 4,11,18,25 Eleotromagnetiocally ‘| Electrioal powesr mupply) Frequenay: £000 hwm. Electromagnetio mioro-
Badin «xojited disphragm apd of alrplana.. Dnration: oontinmous; .| phone, axplifier, acoustic
exponentinl horn. . automatic 100¥ modula-| end eleatric filters, and
tion, exponential horm.
qu.'po 3 duration.
—— m " TRyt S W - ———— ..u.l.:‘_‘.._.ai Cagitt S o e e e —
Delasano - 1934 4,10,26 Mschenionlly exolted ' | Elestrioal, equenay: £000 ha, Eleatriaal contaat on
. , P .disphragn and Bostwick " Daration; 0.02 seo. rasonent ‘disphragm .
type ooapler. . Interval: -- filter, and megaphona,
JAahoasopa Bafore 27,28 Biren and parabolio Oppranned alr from r : 1600 ha, e
1926-. ’ Borz. hAgh presure utorage | Duration: 0.001 sas. | mineeprecqTagustie
tank, reduoed to 4 - 8 . orophona, awplifier
’ a 04 - Interval: and exponential horn,
. . . etan, by valve. 1.5 aea, at low alt, ’
e 7.5 seo, at X N _
Hanry Bughes| 1934- B, 51 == N - T T A T fiiee --.M.Hl...nlt,-_..::_:_...
- and 8en t '
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Plate 1 (contimied)

——————

Atitode Indlgmtor 'Operating Rengs  |[Welgnht  © Max. ALE.{ }' i - T
e—rv. - .[chronoacops} (ft.) {1bs.) W%Lrﬁ j Remarks: Aoouracy; Price, Eta.
Hame e B - -
i i ° -
Belm Kt eatro-mecheniosl 3-300 54 9 Installed end used on several Airigibles, Tont-
(BERMLOT) oBolllokoope , : 8d on peveral alrplanes, Error ebout = & f£t, on
landing and %12 ft, at opper limlt of range in
. adverss woather, Available commsrcially from Behm
Eoholot - Fabrik, Kiel, Price HM. 4,800,
Fandillen Incandescent 11gi1t and - - - Becret investipgation.
shutter rotating at copatant i
spesd along ciromlar mgals,
Intermittent remdings.’ |_
i T B P
Rice Conatant mpeed ohronosaope Mret 5-800 cruising Mrst 45 . 18 Ingtalled on Américan dirigitlss. Teated by
{General using method of snditory- type: B-1400 gliding type: no comprassor &l U, 3. Army Air Corpa. Blen of outgeing
Rlectric) vigual coincldance, Iater 5-1800 oruising Later 25 : signal with eoho at altitnde of epproximataly

. type: - type: D0 compreeadr 48 B ft. nsed in landing.

- c—ar _.,_q_..__.....__.,_,._ . - — B e e P
Florigsen Constant spesd shronoesope | 20-50Q cruieing Pirnt 46 . 11 Trained obperyver oan hold error within 10 f£t. ..
{ S0AM) using mathod of muditory- E0-900 throttled ype: inol, air’ocomp.lB| 20 Ayerags srror Tateat model avallable oom-

visoal coincidense, Leter 31 nsroially from Societa de Condensetion at
{Bxperimental: Diraat type: inocl. air comp,12) 18 d'Applications Meaanigques., FPriace 15,400 -
reading oseillograph) : '_29 J 22,000 Franom francals.
Oontimionk Airsot reafing 16-8R0 ornising 50 - ) -._ . + F .
Duboi A 18 | Error of abont = 2 ft. up to 75 It., * 8 ¢,
hbou:ur elgotripel” chronuscope. . Inol, air acmp, 10, rrourﬂs ft. to 153 1, J:ml t 30 ft. max. at
(coaA) . higher altitudes. Avallsble commeroially fram
g;nltr?élaziu mant%\l-l{ogg.quu 4" Asnidres.
1oe yram - dter >
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>~
Tigure 2.~ Behmlot type IV A
Ref, 5
- Figure 3.- Florisson-SCAM Figure 4.~ Loudspeaker installetion

visual-acoustic (Nandillon) Ref. 11
coincidence altimeter. Ref, 18
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o = Angle between the course \\ //
of the plane and the grouni. \\/

Y = %% + o cos Y = -8in o S

B = %% - a cos B = 4sin o

Pilgure 8.- Geomeitry of sound pulse travel with
inclined flight path.

Fig.8
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Figs.1l,12
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Pigure 1ll,- Essential acoustic elements _ i
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Figure 12.- Longitulinal displacements in & plane
sound wave.
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8t w1

(a) Specular reflection (b) Diffuse reflection

Figure 15.- Intensity distributions.
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(a) Specular reflection (b) Diffuse reflection
predominating predominating

Firure 16;-_Intensity iistributions.
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Figs. 20,21,22,23,24,26

N.A.C.A. Technicel Note No, 611

Behm
Luftlot

Figure 20.-
Pistol
sender.
Ref. 12

Carbon
microphone
crophone. _—
Ref. 12

Figure 22.-
Altitude
indicator.
Ref, 12

Figure 24.-~
Altimeter
circult.
Ref. 4

¥ Figure 23.-
B Oscillogreph
trace

j on

M eltitude

B indicator.

| Ref. 12

Tigure 36.-~ Altitude indicator of Behmlot
Type L XI(Natural size)
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Figure 25.- Altimeter circuit of
Behmlot Type 1X I.
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Pigure 37.~ Circuit of Laboureur-Dubois
‘chronograph., Ref, 18

Figure 38.- Auxiliary circuit of
Laboureur-Dubois contin-

wous reading chronograph.
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M.

Figure 29.- Tra

equipment G.E. Co.
sonic altimeter. Ref, 13

Figure 28.- Installation on airplene

G.E.
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Co.

A

Figure 33.- Florisson~SCAM
chronograph.

itting

sonic altimeter.
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Fig. 36

Figs. 30,31,32,35,36
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Figure 39.- CEMA altitude in-

Tigure 42.- CEMA altitude in-

dicator{earlier dicator(December
type) . Ref., 20 1536) . Ref. A.C,

WI - - "
e =

— —

« Ref., 26

—

Figure 53.-Delsasso altimeter installation on blimp



Figare 40.-~ Dubola-Laboureur sender and
reosiver(Degerber 1936)

Flgure 41.- Dubois-Leboureur amplifier—
filter and ohronograph unlt.
' (Decexber 1938) Ref. A.C.

Figure 66.- Eohogoope sirenm,
Ref. 28

FMpgure 47.~ Elements of
Jaoquet-Badin
altimetor.

Figure 58.- Echoscopa
receiver.

Figure 58.- Echoscope
indicator,

estoa‘ga Ly ity oy 8314
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Schematic stallation of
Dubois-Laboureur Altimeter

Fig. 43
Ref. 20

,
FFHH

c’ <

Sender-Receiver Ensemble VQ}
of Jacquet-Badin Altimeter

'Echoscope,circuit Fig. 49 Ref. 35

Fig. b7
Ref. 28

1]

Delsas so/Altimeter /fircuit

/ Jacquet = Badin
Fig. 52 ’ - : ’ n
'/-\'\'\ : . Frequency Meter Ciroult

Fig. 48
Ref. 18
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Figs. 50,51,54
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recelver,
Ref. 26
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Denomnilnation Waelight in kilos
1 | Indlicating device 2.2
2 | connection to the battery| —
8 | switch 0.2
4 | siren 8.6
5 | copper tube —
6 | reduction valve 1.0
7 | compressed air bottle } 18.0
8 | main valve
9 | receiver 0.8
10 | cable —
11 | amplifier 2.1
total 148 13.0

Pigure 54.-~ Installation diagrem
of Echoscope. Ref, 28

Figure 50.- Delsasso sender.



